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 ABSTRACT 
We developed a novel batch fabrication technology for the ultralow-power-
consumption metal oxide gas sensing platform consisting of a suspended glassy carbon 
heating nanostructure and hierarchical metal oxide nanostructures forests fabricated by the 
carbon-micro electromechanical systems (carbon-MEMS) and selective nanowire growth 
process. We have developed a new manufacturing process for suspended glass carbon 
nanostructures such as single nanowire, nano-mesh and nano-membranes fabricated using 
carbon-MEMS consisting of the UV-lithography and the polymer pyrolysis processes. We 
designed a gas sensing platform consisting of suspended glassy carbon heating nanostructures 
and suspended hierarchical metal oxide nanostructure forests for the sensing part. Glassy 
carbon structure produced by the carbon-MEMS has many advantages such as high thermal 
& chemical stabilities, good hardness, and good thermal & electrical characteristics. The 
electrical conductivity of glassy carbon nanostructures has been increased more than three 
times by using rapid thermal annealing (RTA) process owing to the inferior heating property 
of glassy carbon nano-heater in the electrical conductivity. In order to divide the suspended 
glassy carbon nano-heater and the suspended hierarchical metal oxide nanostructures forests, 
the insulating layer of HfO2 materials is a high dielectric constant and is deposited uniformly 
using a atomic layer deposition (ALD) process on a suspended glassy carbon nano-heater. 
Suspended hierarchical metal oxide nanostructures forests were grown circumferentially on 
the suspended HfO2/glassy carbon nano-heater using a hydrothermal method consisting of the 
seed deposition and the growth processes. For selective metal oxide seed layer deposition 
process, a short-time exposed polymer patterning process was performed using the positive 
photoresist. After the polymer patterning process, a metal oxide seed layer is deposited using 
the rf-sputtering system, followed by a metal oxide nanostructure growth process. The 
ii 
 
distinguishing architecture of a suspended hierarchical metal oxide nanostructures 
forests/HfO2/glassy carbon nanostructure ensures efficient mass transport to the metal oxide 
nanostructure detection point of the gas analyte, resulting in highly sensitive gas detection. In 
the absence of an external heating system, the ultralow-power-consumption gas sensing 
platform of a suspended hierarchical metal oxide nanostructures forests/HfO2/glassy carbon 
nanostructure has excellent the gas sensing characteristics. 
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Suspended glassy 
carbon nanostructure 
  
 
 
 
  
In this chapter, a monolithic glassy carbon 
nanostructure fabricated by carbon-MEMS will 
be introduced. The chemical composition and 
physical properties are also given. 
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1 Suspended glassy carbon nanostructure 
1.1 Background 
A sensor is a device that provides a functioning output in response to a specific 
input measured, which could be a physical or chemical quantity, property, or state [1]. The 
sensor acquires the physical parameters and converts them into signals suitable for processing. 
Sensors could be physical, electrical, magnetic, optical, chemical thermal, or a mixture of two 
or more of these. The sensor consists of an active face and a transducer [1-2]. 
 
Figure 1.1 Schematics showing the sensing mechanism at a sensing platform consisting of an 
active surface and a transducer. 
Sensors require high sensitivity and accurate analysis, real-time and rapid 
analysis and miniaturization techniques [1-5]. Nanowire sensors were introduced by the 
research group because of the high surface to volume ratio and the quantum confinement 
effect [5-6]. Nanowire sensors have many advantages, including high sensitivity and surface 
to volume ratio, efficient mass transport and simple configuration [3-6]. 
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Figure 1.2 Schematics showing the nanowire nanosensors having various advantages from Y. 
Hunang et. al. [6]. 
To improve sensitivity on the sensing platform, there are 3 categorizes of 
improved mass transfer, temperature sensing catalytic loading, with an emphasis on 
improving mass transfer [7-9]. The research groups have introduced the nanowire 
morphology and the suspended structure [10-11]. Hierarchical architecture is a larger surface 
area than other nanoscale morphologies in the nanowire architecture. The hierarchical 
nanostructure has the largest surface to volume ratio, but the dead surface comes into contact 
with the substrate [11]. Suspended architectures have the advantage of high surface to volume 
ratio, improved mass transfer, and no interference from the substrate. Having a hierarchical 
architecture and a suspended architecture in the nanowire sensor reduces response and 
recovery time and improves sensitivity [11]. However, it is difficult to fabricate a public type-
based architecture using only a simple and cheap process. In order to make the architecture, it 
could be classified as the top-down and bottom-up processes. The bottom up process is the 
build process. The bottom up process is consisting of the self-assembly process, atomic layer 
deposition (ALD) and molecular beam epitaxy (MBE) and metal organic chemical vapor 
deposition (MOCVD) and has disadvantages of the poor mechanical & electrical contact, 
poor control and low throughput [14-17]. On the other hand, the top down process is the 
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milling process introduced the lithography, printing, stamping, molding [18-21]. Although the 
top down process is able to overcome these disadvantages of the bottom up process, the top 
down process is the expensive & the complex process. 
 
 
Figure 1.3 Categorization of the sensitivity improvement such as improving mass transport, 
sensing temperature and catalyst loading. As the improving mass transport, suspended 
structure and various nanowire morphology were shown from H. Wu et. al. [12] and J. Choi 
et. al. [13]. 
Carbon exists in a variety of isotopes such as graphene, carbon nanotube (CNT), 
diamond-like carbon, pyrolytic carbon, and glassy carbon, and these have been extensively 
developed due to their unique properties [22-29]. Of these carbon materials, the glassy carbon 
exhibits a wide range of electrochemical stability windows, excellent biocompatibility, 
excellent thermal and chemical stability, low gas permeability and high thermal and electrical 
conductivity [29-32]. The low reactivity and gas impermeability of the glassy carbon is 
introduced by a fullerene-grade model containing sp2-bondned carbon which is 
predominantly non-graphitized [32].  
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Figure 1.4 Categorization of the carbon materials such as graphene from K. Chung et. al. [23] 
& C. Li et. al. [24], CNT from C. Staii et. al. [26], glassy carbon from C. Wang et. al. [31, 35], 
and diamond like carbon from J. Luo et. al. [28]. 
Since the polymer pyrolysis process does not proceed, the glassy carbon phases 
consist of a tetrahedral diamond (sp3 hybridized carbon) structure and a stacked planar (sp2 
hybridized carbon) graphite structure [32]. The pyrolysis temperature is lower than the 
temperature at which the graphite is formed, making it difficult to exist as the perfect graphite 
structure in the carbon structure. Glassy carbon is used because of its many advantages not 
found in graphite, which is present in glassy carbon [33]. Because of the many advantages of 
glassy carbon, the researchers have developed the solar cell system, Li-ion batteries, optical 
memory devices and electrochemical bio sensing platforms [33-36]. A more useful 
manufacturing method called carbon micro-electro-mechanical systems (carbon-MEMS) has 
been developed using the glassy carbon. Carbon-MEMS shows a monolithic 3D glassy 
carbon micro-/nano-structures of a suspended structure consisting of the polymer patterning 
processes such as the photolithography, electrospinning, e-beam lithography and nanoimprint 
and the polymer pyrolysis [37-41]. Particularly, when the patterning polymer structures using 
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the photolithography, carbon-MEMS constitutes a simple and relatively inexpensive 
manufacturing process. 
During the polymer pyrolysis, the polymer structures undergoes dramatic volume 
shrinkage and that shrinkage is isotropic and predictable [36]. The pyrolysis process results in 
a dramatic volume reduction of up to 90 %, which transforms the photoresist micro-structure 
into a carbon nano-structure, enabling nano-fabrication of carbon structures without the use 
of complex nano-manufacturing processes. In the case of the e-beam lithography, it is 
possible to form an expandable polymer nano-structure that is pre-patterned by an e-beam 
passing through a thin polymer layer [37]. By using the photolithography instead of the e-
beam lithography, the photoresist micro-structure could be patterned in batch fabrication to 
enable simple and inexpensive [38]. The photolithography is a process of making nano-
structure, but the photoresist micro-structure is changed to a glassy carbon nano-structure due 
to the volume reduction which is dramatically reduced under the the pyrolysis condition. 
The pyrolysis process is the carbonization process in which the carbon residue-
rich solid residue is obtained from the organic materials [42-49]. The pyrolysis process of the 
organic materials can be roughly divided into three steps: (1) pre-carbonization, (2) 
carbonization and (3) annealing. During the pre-carbonization (T < 300 oC), the solvent 
molecules and unreacted monomers are removed from the the pre-patterned polymer 
structure. Next, the carbonization can be divided into two sub-steps; from 300 to 500 oC of 
the first sub-step, Removal of the hetero-atoms of the halogens and oxygen creates a network 
of conjugated carbon systems and a rapid mass loss during the initial removal of hydrogen 
atoms; and from 500 to 1200 oC of the second sub-step, where hydrogen, oxygen and 
nitrogen atoms are completely removed and aromatic structures are interconnected. At this 
point, the permeability decreases and density, hardness, the Young’s modulus and electrical 
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conductivity increase. Finally, the annealing process should be performed at temperatures 
above 1,200 oC to gradually remove defects. The final pyrolysis conditions determine the 
degree of carbonization and the residuals of the external elements [50-51]. 
 
Figure 1.5 The protocol of the pyrolysis process of organic compounds features three stages: 
(1) pre-carbonization, (2) carbonization and (3) annealing depending on the pyrolysis 
temperature. 
The nanoscale structure has a high surface effect, but most of it is place on the 
substrate and the surface area could be not utilized to the maximum. It is possible to increase 
the surface effect using a suspended nano-structure. The suspended glassy carbon nanowires 
were fabricated by an electro-spinning process to enhance the surface effect [39]. The electro-
spinning process is a fiber manufacturing process in which an electric force is applied to draw 
a charging filament of a polymer solution, or a polymer is melted in a fiber form in a 
nanometer [39]. When a satisfactorily high voltage is applied to the droplet, the volume of the 
liquid is charged and the electrostatic repulsion stabilizes the surface tension and the droplet 
stretches from the surface with the flow of the liquid outlet as the main point. This point is 
denoted as Talyor cone. This cone is determined by the ratio of surface tension to electrostatic 
repulsion in the slow acceleration of osmotic pressure. The fiber is increased by whipping 
due to electrostatic repulsion in convection of the rapid acceleration. In order to produce a 
suspended glassy carbon nano-structure by electro-spinning, the polymer nanowires produced 
by an electrospinning process are formed on a glassy carbon post, and the pyrolysis process is 
carried out twice. The diameter of the polymer nanowire determines the applied voltage, 
drum spinning speed and polymer density. 
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In this study, novel monolithic suspended glassy carbon nano-structures from 
nanowire to nanomeshes were developed through the photolithography and the polymer 
pyrolysis process. By the photolithography, the suspended polymer micro-structure is created 
and a single pyrolysis process proceeds. The photolithography process is cheaper and more 
aligned than the electro-spinning process. The geometries of a bridge-type suspended 
nanowire were characterized by the scanning electron microscopy (SEM). The carbon 
materials such as sp-2 hybridized carbon and sp-3 hybridized carbon were analyzed using the 
Raman spectroscopy. For the feasibility of the suspended glassy carbon nanowires, the 
electrical, electrochemical properties were experimented and stimulated. 
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1.2 Fabrication & Experimental 
 
Figure 1.6 Schematic fabrication steps of a suspended carbon nanostructure. 
Figure 1.6 shows the fabrication processes of a suspended glassy carbon nano-
structure. First, an insulating layer having a thickness of 1 μm made of SiO2 was deposited on 
a 6-inch Si wafer (p-type, B-doped, 8 ~ 12 Ω · cm2, 660-μm thickness) by a wet process 
using a thermal oxidation method. The SiO2/Si substrate was cleaned using a hot piranha 
solution (4 : 1 = H2SO4 : H2O2. J.T. Baker, USA) and dehydrated on a hot plate at 200 oC for 
5 minutes. A 30-μm-thick negative photoresist (SU-8 2025, Microchem. Corp., USA) was 
coated on a SiO2/Si substrate using a spin-coating system, followed by a long UV exposure 
on thick posts supported by a suspended micro-wire, followed by a short UV exposure for 
patterning 1-μm wide photoresist line. The single post exposure bake and development 
process has released a suspended photoresist micro-wire array. After suspended photoresist 
wire micro-structure was made, the suspended photoresist micro-structure was converted to a 
suspended glassy carbon nano-structure using the polymer pyrolysis process. The pyrolysis 
condition consists of the post-baked time and carbonized time. At post-baked time, the 
sample was heated to 300 oC at a ramping rate of 1 oC/min and held for 60 min. The 
temperature was increased to 1000 oC at an increasing rate of 1 oC/min and maintained for 60 
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minutes to convert from photoresist microwire to glassy carbon nanowire. The temperature 
was steadily decreased to room temperature using the natural cooling. Vacuum conditions of 
about 10-6 torr are maintained during the polymer pyrolysis process. The suspended 
photoresist wire micro-structure and the suspended glassy carbon wire nano-structure were 
performed by a SEM (Quanta 200, FEI, USA), a high-resolution transmission electron 
microscopy (HRTEM, JEM-2100F, JEOL Ltd., Japan) and a focused-ion beam milling (FIB, 
Quanta 3D FEG, FEI company, USA). The development of the suspended glassy carbon 
nanowire structure has been studied by Raman spectroscopy (Alpha300R, WITec, Germany) 
and X-ray photoelectron spectroscopy (XPS : K-alpha, Thermo Fisher Co. Ltd., UK). The 
electrical conductivity was measured depending on the temperature in the natural convection 
oven (ON-02GW, JEIO TECH Co., Ltd., Republic of Korea) using the source-meter 
(Keithley 2400, Keithley Instruments Inc., USA). 
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1.3 Results & discussion 
The shape of the glassy carbon nanostructures bridging the two glassy carbon 
posts is roughly an isometrically shrunk version of the suspended microscale photoresist wire 
connecting the two SU-8 posts, as shown in Figure 1.7 (a) and (b). The width of the 
photoresist wire matches the size of the photomask pattern, but the photoresist wire thickness 
varies with the total UV light absorbed by the photoresist as determined by the second UV 
exposure. For the same pyrolysis duration, the photoresist structure experience different 
amounts of shrinkage ranging from 40 to 90 % depending on the original photoresist structure 
sizes, as listed in Table S1. The smallest photoresist microwire with a width of 1 μm and a 
thickness of 2 μm is converted to a glassy carbon nanowire with a width of 195 nm and a 
thickness of 210 nm, corresponding to a size reduction of 80 ~ 90 %. 
 
Figure 1.7 (a) SEM images of a suspended SU-8 wire micro-structure before the polymer 
pyrolysis, (b) a suspended glassy carbon wire nanostructure after the polymer pyrolysis, and 
(c) the suspended glassy carbon meshes. 
On the other hand, the length of the glassy carbon nanowires increased from 54.0 
μm to 89.4 μm due to the volume shrinkage of the two posts supporting the suspended wire. 
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Even with this large elongation (39.6 %), the resulting longitudinal tension in the glassy 
carbon nanowires was not significant, as demonstrated by FIB milling experiment of the 
glassy carbon nanowire, as shown in Figure 1.8. We have found that the glassy carbon 
nanowires were cut using FIB equipment and the sum of the lengths of the two glassy carbon 
nanowires did not differ significantly from the length of the single glassy carbon nanowires 
before the cross section; this means that the tensile stress of the carbon nanowires is not large 
(in this case the wire would have expected to “bounce”). Importantly, the glassy carbon 
nanowires are slightly bent upward. We pointed out that the development of the transverse 
slope of the stress along the nanowire thickness, which is the upper part of the nanowire, is 
not the case when stress is applied to the bottom of the nanowire. 
 
Figure 1.8 (a) Schematic image of the experimental, (b-e) SEM images of a suspended single 
glassy carbon nanowire as a FIB milling process proceeds from (b) to (e) 
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Table 1. Structural dimension change of a suspended glassy carbon single nanowire after the 
polymer pyrolysis process. 
 
 
 Width 
[μm] 
Thickness 
[μm] 
Height 
[μm] 
Length 
[μm] 
Suspended 
polymer 
microstructures 
1 2 
27.3 54.0 
2 6.5 
3 7.3 
4 10.2 
Suspended 
carbon 
nanostructures 
0.195 0.21 
11.4 89.4 
0.6 1.56 
0.74 1.99 
1.12 2.87 
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Table 2. Structural dimension changes of a suspended SU-8 micro-structure in various 
pyrolysis temperature conditions. The temperature conditions include natural cooling down 
processes of the microwires after the polymer pyrolysis processes listed in the table. 
 
Pyrolysis temperature 
conditions 
Suspended wire Bulk post 
Width [μm] Length [μm] Height [μm] 
Before pyrolysis 1 55.8 24 
300oC for 2 min 0.675 63.5 20.2 
350oC for 2 min 0.495 79.2 15.3 
400oC for 2 min 0.430 82.7 12.9 
450oC for 2 min 0.359 84.4 11.5 
500oC for 2 min 0.305 85.0 11.4 
500oC for 60 min 0.296 85.8 10.6 
350oC for 60 min  
and 900oC for 60 min 0.195 89.4 10.0 
 
This result and the shrinkage as a function of the polymer pyrolysis temperature 
were obtained from the experiment, as listed in the Table 1. It is deduced that the SU-8 
photoresist occurs in the early stages of the pyrolysis at up to ~ 450 oC. This is done before 
the sold carbon formation takes place as known in the literature [53], and the photoresist 
structure is flexible enough to withstand large amounts of elongation without breakage. The 
volume continues to decrease at the 450 oC to 900 oC solid carbonization part, but the volume 
shrinkage is much less than the low temperature volume reduction part. Therefore, a small 
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amount of longitudinal stress along the glassy carbon nanowire could be explained by the fact 
that most dimensional changes occur on the polymer and only small dimensional changes 
occur in the carbon formation itself. It should be emphasized that a slow temperature rapme 
rate of 1 oC/min during the polymer pyrolysis process and the natural cooling process tends to 
heat the excess stress accumulated in the glassy carbon structure. The shape of the support 
posts is converted from a brick-shape to a quadrupole tent shape, and the wire is bent 
downward from the support to which the nanowire and the post are connected, as shown in 
Figure 1.7 (b). This geometric shape is the result of very good adhesion of the SU-8 
photoresist to the substrate, with the bottom of the post being strongly held by the substrate 
during the polymer pyrolysis process, while the top of the post is likely to shrink. As a result 
of the non-uniform volume reduction of the this type of post, the sidewall profile of the post 
changes from a straight-line wall to a curved shape, with the result that the suspended 
nanowire experience more elongation at the kidney than at the bottom is curved down ward. 
The difference from the elongation of the bottom over the thickness of the nanowire which 
causes the stress gradient in the transverse direction of the nanowire is just like this. The SU-
8 photoresist wire is formed thicker in the support, as shown in Figure 1.7 (b) & (c), because 
the limited exposed area of the suspended wire site at the 2nd UV exposure is sharply 
expanded in the support so that the UV energy is transmitted deeper in the support. The SU-8 
photoresist support remains thicker than the wire through polymer pyrolysis, transforming it 
into a thick carbon flexural support. This bridged glassy carbon nanowire nano-structure and 
the tensile stresses are not critical, but they increase with the nanowire thickness to improve 
the structural integrity of the nanowire, and the glassy carbon nanowires with high aspect 
ratio (~ 450) even when wet-processed with a very small gap of the substrate. 
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Figure 1.9 (a) a HREM image at the edge of the glassy carbon nanowire, and (b) the 
diffraction pattern from a glassy carbon nanowire. 
In contrast to suspended glassy carbon nanowires fabricated using electro-
spinning, the suspended glassy carbon nanowires of a UV-lithography pattern could be 
formed in various forms such as the nanomeshes, as shown in Figure 1.7 (c). Dimensions, 
including width and aspect ratio, and locations of SU-8 photoresist structure are determined 
by the photomask patterns and the UV dose, as shown in the Figure 1.7 (a). The suspended 
glassy carbon nanomesh is designed to be angled to the bulk carbon post edge so that each 
intersection of the four short glassy carbon nanowires evenly supported by for nanowires. 
This rugged mesh design is designed to avoid stiction between neighboring wires due to 
surface tension during the development and to be slanted at the bulk carbon post edge so that 
each junction where the four short carbon wires intersect is evenly distributed by four 
nanowires, is supported evenly by the four nanowires. This robust mesh design avoids 
stiction between adjacent wires due to surface tension during the development and breakage 
of the mesh structure during the polymer pyrolysis, and as a result, the nanowires could be 
spaced at small intervals. 
The microstructure of the glassy carbon structures was studied using HREM and 
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Raman spectroscopy. Figure 1.9 shows an HREM image at the edge of a glassy carbon 
nanowire of ~ 190-nm diameter. Since the diameter of the suspended glassy carbon 
nanowires is so large that electrons are not transmitted across the center of the nanowires, 
only the edges of the glassy carbon nanowires can be clearly observed in the TEM. The 
properties of the glassy carbon nanowires are mainly disordered, but exhibit several short-
range ordered nanostructure. In this work, suspended glassy carbon nanowires do not exhibit 
well-developed graphite shells surrounding irregular carbon cores as found in electro-spun 
glassy carbon nanowires [40]. The flow of the photoresist trough the small nozzles in electro-
spinning improves the disentanglement of the photoresist, which is enhanced by the electrical 
biasing and mechanical attraction of the electro-spun photoresist, resulting in more 
graphitization during the polymer pyrolysis process. The reason for the low graphite content 
in current glassy carbon nanowires is that the SU-8 photoresist chain does not dissolve during 
processing as much as the electro-spun photoresist. The nature of the microstructure of the 
nanowire was confirmed by the diffraction pattern in the TEM, as shown in Figure 1.9 (b). 
The ring-shaped diffraction pattern represents a short-range crystal order, and the fog pattern 
surrounded by the ring pattern represents a graphite-like defect [54]. The short-range 
crystallinity of the glassy carbon has been confirmed using Raman spectroscopy [33, 55]. 
 
Figure 1.10 (a) Raman spectrum from a glassy carbon structure, (b-c) XPS spectrums in (b) 
C1s and (c) O1s regions from a glassy carbon structure and SU-8 photoresist structure. 
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The Raman spectrum of the glassy carbon post is shown in Figure 1.10 (a). The 
G-band at 1590 cm-1 represents the sp2 hybrid graphite phase and the D-band at 1350 cm-1 
originates from the disordered carbon phase [55]. The overlapping shapes of the D and G 
bands the relative intensity of the two bands corresponds to TEM images of mixture of 
aligned carbon and disordered carbon. 
 
Figure 1.11 (a) Voltage versus current curve from a suspended glassy carbon nanowire in 
various temperature conditions at the measurement, (b) Electrical conductivity to the 
temperature curve of a suspended glassy carbon nanowire in a logarithmic scale. 
The oxygen-to-carbon (O/C) ratio is used to characterize the composition of the 
carbonized materials. The high-resolution XPS spectrum is shown in the C1s and O1s regions 
of the glassy carbon structure and the SU-8 photoresist structure, respectively at the Figure 1. 
10 (b, c). The C1s spectrum of the SU-8 photoresist structure consists of peaks of 283.7 eV 
and 285.9 eV. The peak at 285.9 eV corresponds to carbon bound to oxygen and the peak at 
283.7 eV represents the aromatic and aliphatic carbon of the SU-8 photoresist [56]. The C1s 
spectrum of the glassy carbon structure has a single peak at 283.7 eV only. In the O1s 
spectrum, the glassy carbon is characterized by a peak at 531.8 eV at which the intensity from 
the corresponding peak of the SU-8 photoresist was significantly reduced prior to the 
polymer pyrolysis process. The difference in O/C ratio between the SU-8 photoresist 
19 
 
structure (23.2 %) and the polymer pyrolysis process (3.1 %) confirms low levels of oxygen 
in the glassy carbon structure. These results are consistent with those obtained with other 
glassy carbon structures treated with the polymer pyrolysis processes [57]. 
 
Figure 1.12 (a) Cyclic voltammogram of a suspended glassy carbon nanowire in 10 mM 
K3Fe(CN)6 with 0.1 M KCl solution. (b, c) Simulated 2D concentration profiles from (b) a 
suspended nanowire and (c) a substrate-bound nanowire structure with the same surface area 
as the glassy carbon nanowire. 
The electrical conductivity of the suspended glassy carbon nanowires is 
characterized using a two-probe I-V technique using the posts as the contact pads instead of 
using four-point probe method. Because the nanowire is monolithically connected to the post, 
the influence of the contact resistance and spreading resistance, which are the main causes of 
the electrical measurement error, can be ignored and the two-probe method can be used for 
this experiment. Carbon nanowires have a much greater resistance than glassy carbon posts 
due to their large size differences. Glassy carbon nanowires with a width and the thickness of 
~190-nm exhibited excellent ohmic contact and decreased wire resistance with increasing 
temperature, as shown in the Figure 1.11. The resistance change of the glassy carbon 
nanowires was measured in a convection oven. The sample was equilibrated for 2,000 s at 
each temperature so that the temperature of the glassy carbon nanowire matched the 
temperature of the convection oven. The applied current was limited to ≤ 10 μA in order to 
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avoid the nanowire temperature rise due to the joule heating effect. Temperature and 
resistance inversely is proportional to the behavior of semiconducting suspended glassy 
carbon nanowires. Similar electrical conductivities of the glassy carbon nanowires have been 
reported by the other research groups. The electrical conduction mechanism is the disordered 
carbon and is described by a hopping-based mechanism at the low temperatures (< 250 K) 
[58] and a thermal activation mechanism at the high temperatures (> 250 K) [59]. As 
electrical measurements are performed at the temperature higher than the room temperature, 
the following electrical conductivity and temperature relationships apply. 
σሺܶሻ = ߪ଴݁ݔ݌ ቀ− ఌೌ೎೟௞ಳ்ቁ    (1) 
where σ0 is a constant, kB is the Boltzmann constant, and εact is the activation 
energy. The activation energy εact is defined as εact = εC – εF, where εact is the conduction band 
edge and εF is the Fermi level. The activation energy obtained by fitting a plot of ln(σ) versus 
1/T from the electrical conductivity measurement results was about 0.146 eV. 
The electrochemical properties of the suspended glassy carbon nanowires were 
characterized using the cyclic voltammetry in a 10 mM K3Fe(CN)6 solution with 0.1 M KCl. 
The measured diffusion limited electrochemical currents were compared with simulated 
electrochemical currents from the suspended glassy carbon nanowires and a substrate-
bounded glassy carbon nanowire having cross-sectional areas as the experimental nanowire. 
The measured diffusion limited electrochemical current was 81.6 nA at 0.6 V and the 
simulated electrochemical current results from a suspended glassy carbon nanowire and the 
substrate-bounded glassy carbon nanowire were 82.0 nA and 43.4 nA at 0.6 V, respectively. 
The agreement between the measured diffusion limited electrochemical current and the 
simulated electrochemical current indicates that a suspended glassy carbon nanowire surface 
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has significant electrochemical properties. Although only a quarter of the surface area of the 
glassy carbon nanowire bonded to the substrate was blocked by the substrate surface, the 
diffusion limited electrochemical current of the substrate-bounded glassy carbon nanowires 
reduced to 53 % from the suspended glassy carbon nanowire. This result, in addition to the 
freedom of substrate surface effects such as contamination and substrate temperature changes, 
is advantageous in the mass transfer of the suspended carbon nanowires across substrate-
bounded glassy carbon nanowire geometry. 
 
  
 Suspended Pd/glassy 
carbon nanowire 
  
 
  
In this chapter, a suspended Pd/glassy 
carbon nanowire will be introduced to apply 
the gas sensing platform. Also, fabrication 
steps and material property will be given. 
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2 Suspended Pd/glassy carbon nanowire 
2.1 Background 
Palladium (Pd) has been actively developed as a hydrogen (H2) gas sensing 
material because its electrical resistance and volume change with the concentration of the H2 
gas. This characteristic enables H2 sensing by simply measuring the electrical properties of 
Pd nanomaterials as a function of H2 gas concentration. This simple gas sensing approach 
facilitates the gas sensor miniaturization and placement process by making the Pd-based H2 
gas sensor compatible with the MEMS process [60]. 
 
Figure 2.1 Categorization of the Pd-based applications from M. Lofdahl et. al. [61] & K. J. 
Jeon et. al. [62] & C. Perrotton et. al. [63] & F. Favier et. al. [64] & H. H. Choi et. al. [65] & 
M. Penza et. al. [66]. 
Pd-nanostructure-based H2 gas sensors have been fabricated using a variety of 
the manufacturing methods including e-beam lithography, anodized aluminum oxide (AAO) 
templating, electrodeposition, electrophoresis and the focused ion beam (FIB) milling [62, 
67-70]. This Pd-nanostructure-based H2 gas sensor showed the high sensitivity and fast 
response. However, the performance of the Pd-nanostructure-based H2 gas sensors could be 
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limited by the effect of the substrate formed in contact such as stagnation layer formation and 
contamination. This disadvantage could be overcome by placing the Pd nanostructure on the 
substrate at a fixed distance. In addition, the effect of the high surface-to-volume ratio of the 
nanostructures on the gas detection capability and mass transfer to the sensing region of the 
gas analyte can be improved by separating the sensing structure from the substrate, since 
more nanostructure surface areas are H2 gas. The nanowires can be placed on a substrate 
between pre-patterned electrodes using dielectric migration, field synthesis and FIB-chemical 
vapor deposition (CVD) growth [71-74]. However, these methods have limitations such as 
poor control of the size and the position of the nanostructures or complicated manufacturing 
processes. 
 
Figure 2.2 H2 gas sensing platforms based on the palladium depending on the dimensions 
from K. J. Jeon et. al. [62] & F. Yang et. al. [71] & K. R. Kim et. al. [75] & E. Lee et. al. [76] 
& J. Choi et. al. [13] & X. Q. Zeng et. al. [77]. 
In this work, we have developed the suspended glassy carbon nanowires 
selectively functionalized with a thin Pd layer as the H2 gas sensor. SiO2 was patterned using 
an isotropic Si etch process fabricated by the Induced Coupled Plasma (ICP) etch process 
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under the glassy carbon electrodes. Because this eave served as a shadow mask during Pd 
deposition, a simple Pd evaporation process without complex lithography processes such as 
e-beam lithography and FIB milling processes selectively deposited only on the suspended 
glassy carbon nanowire and two glassy carbon post electrodes. In order to improve the effect 
of the Pd layer on the total resistance change of the suspended glassy carbon nanowire, the 
electrical conductivity of the glassy carbon materials was modulated by controlling the 
pyrolysis condition of the temperature. 
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2.2 Fabrication & Experimental 
The manufacturing processes for a suspended carbon nanowire functionalized 
with the Pd layer are illustrated in Figure. 2.3. A 1 μm think SiO2 layer was deposited on a 6-
inch Si wafer (p-type, boron doped, 5-20 Ω·cm, 660 – 700 μm; LG Siltron Co., Ltd., 
Republic of Korea) using the wet oxide process based on a thermal oxidation process. The 
SiO2/Si substrate was washed with the hot piranha solution (H2SO4 : H2O2 = 4 : 1) and 
dehydrated at 200 oC for 5 minutes on a hot plate. A 1.5-μm-thickness positive photoresist 
mask (AZ-5214E, AZ Electronic Materials, USA) was patterned on a SiO2/Si substrate using 
the UV-lithography to produce a SiO2 shadow mask. After patterning the SiO2 shadow mask 
using buffered oxide etch (BOE, J. T. Baker, Chemical Co., Ltd., USA) solution, the Si part 
was isotropically etched to a thickness of 10 μm under the SiO2 shadow mask using the ICP 
etching (Tegal 200, Alcatel Micro Machining System, France). By this isotropic etching, the 
SiO2 eave was formed on top of the etched Si substrate. The SiO2/Si substrate was thoroughly 
cleaned using a hot piranha cleaning process and then dehydrated. A negative 30 μm thick 
negative photoresist (SU-8 2025, Microchem. Corp., USA) was coated using a spin-coating 
process and soft-baked on a hotplate at 95 oC for 8 min, the coated negative photoresist was 
exposed to a UV dose (200 mJ·cm-2) sufficient to thoroughly polymerize the photoresist and 
form the post structures on top of the SiO2 eaves that support a suspended negative 
photoresist microscale wire. A subsequent second UV exposure of a short dose (16 mJ·cm-2) 
is performed to polymerize only a shallow region of the negative photoresist through a 
photomask including an open area having the shape of a wire bridging the exposed post 
structure. After a post-exposure bake process using a hotplate at 95 oC for 6 min, a monolithic 
negative photoresist structure consisting of a suspended microwire and two posts was 
patterned by a single batch fabrication step. A monolithic negative photoresist micro-structure 
27 
 
has been converted to a monolithic glassy carbon nanostructure after the polymer pyrolysis 
process. During the polymer pyrolysis process, the size of the negative photoresist structures 
has been greatly reduced. Thus, the diameter of a suspended negative photoresist microwire 
was reduced to a sub-micrometer scale while the length of a suspended structure was 
lengthened. Finally, a Pd layer (5 nm) was deposited on a single-layer glassy carbon 
nanostructure using an e-beam evaporation process, and the deposited Pd layer was annealed 
at 250 oC and 7.0 x 10-4 torr for 5 min using the rapid thermal annealing machine (RTA, RTA-
2000, Korea vacuum Tech., Republic of Korea). In the Pd layer deposition process, the glassy 
carbon post was electronically connected by the Pd layer only through the suspended glassy 
carbon nanowire, because the SiO2 eave formed by the isotropic Si etch process acted as a 
shadow mask for the selective Pd layer deposition. 
 
Figure 2.3 Schematic image of the fabrication of the suspended Pd/carbon nanowire for use 
as the H2 gas sensor. 
The H2 gas sensing response of the Pd-nanostructure-based H2 gas sensor was 
characterized at atmospheric pressure in a chamber equipped with an external heater and four 
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mass flow meter systems. Prior to H2 gas detection, the trapped unknown gas in the chamber 
was purged by several vacuum pimping and N2 gas purging cycles. H2 gas concentration was 
controlled by mixing 1000 ppm H2 in N2 and N2 gas using a gas flow controller (GMC1200, 
ATOVAC, Republic of Korea). During the flow of the H2/N2 gas mixture in a chamber under 
various temperature conditions, changes in the electrical properties of the glassy carbon 
nanowires functionalized with Pd were measured by the source meter (Keithley 2401, 
Keithley Instruments, Inc., USA). 
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2.3 Results & discussion 
 
Figure 2.4 SEM images of the suspended SU-8 photoresist microwire; (a) bird-view, (b) top 
view, and (c) magnified bird-view; and the suspended glassy carbon nanowire: (d) bird-view, 
(e) top view, and (f) magnified bird-view. The inserted image in (d) shows a detailed view of 
the etched Si substrate isotropically under the SiO2 eave. 
Suspended photoresist microwire in 1-μm-wide and 1.5-μm-thickness were 
reduced by ~ 90 % to create 110-nm-wide and 150-nm-thick suspended glassy carbon 
nanowire. At the same time, the length of the wire increased from 102.2-μm to 122.5-μm due 
to the volume reduction of the post structure. The size reduction feature of the suspended 
structure was that the Si substrate was isotropically etched and patterned on a SiO2 mask 
forming a SiO2 eave and a Si trench in Figure 2.4. Since the Si trench extends under the eaves 
of SiO2, SiO2 eaves can serve as a shadow mask in the Pd evaporation process. The 
photolithography-free Pd deposition process using e-beam evaporation enabled a monolithic 
glassy carbon nanostructure that was selectively deposited as a Pd layer without the electrical 
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connection between the two glassy carbon posts through the Si substrate under the SiO2 eaves. 
 
Figure 2.5 EDS mapping images (a, carbon; b, silicon; c, palladium) of the side of the Pd-
deposited glassy carbon structure shown in SEM image (d). 
The effect of the SiO2 eaves as a shadow mask has been confirmed by measuring 
the electrical resistance between the Pd-deposited glassy carbon post and the Si substrate, and 
chemical composition analysis of mapping the side wall composition of the Pd-deposited 
glassy carbon structure using electron dispersive spectroscopy (EDS, X-Max, Horiba, Ltd., 
Japan). The electrical characteristics showed no electrical connections and the chemical 
composition analysis did not reveal an important part of the Pd materials in the etched Si 
undercut area under the SiO2 eaves in Figure 2.5. 
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Figure 2.6 (a) Schematic image of the principle of the palladium selective deposition process. 
(b) SEM image of Sin substrate etched isotropically under the SiO2 eave. (c) Electrical circuit 
& (d) schematic image of a suspended Pd/carbon nanowire for use as a H2 gas sensing 
platform. 
The H2 gas sensing was carried out by measuring the change of electrical 
properties of the Pd-deposited glassy carbon nanowire. A mixed electrical characteristic 
appears along the nanowire between the glassy carbon and the Pd layer. Considering the large 
difference between the glassy carbon posts and the suspended glassy carbon nanowire, it is 
believed that the suspended glassy carbon nanowire and the deposited Pd layer are connected 
in parallel. In this section, the mixed electrical properties of Pd-deposited glassy carbo 
nanowire are more sensitive to changes in the resistance of the Pd layer as a result of H2 gas 
concentration changes as a ratio of the electrical properties of the glassy carbo nanowire to 
the electrical properties of the metallic carbon nanowire Pd layer increase. In this study, the 
electrical properties of the glassy carbon nanowire were controlled by changing the pyrolysis 
conditions of the temperature. The electrical characteristics of the glassy carbon nanowire 
depend on the graphitic composition ratio which increases with increasing the pyrolysis 
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temperature. The electrical characteristics of the suspended glassy carbon nanowire treated 
with the polymer pyrolysis at 700, 800, 900 oC were measured while the temperature was 
varied from 25 to 200 oC. The electrical characteristics of the glassy carbon nanowire were 
not significantly changed (about ± 10 %) in the size reduction of the glassy carbon in the 
polymer pyrolysis process at various temperatures but decreased with increasing polymer 
pyrolysis temperature. Therefore, the electrical characteristics of a suspended glassy carbon 
nanowire increased in Figure 2.7. 
 
Figure 2.7 (a) Electrical conductivity of a suspended glassy carbon nanowire fabricated by 
the pyrolysis of 700, 800, and 900 oC and measured at the temperature from 25 to 200 oC). (b) 
I-V curves of the suspended glassy carbon nanowire depending on the 5-nm-thick-Pd layer 
deposition. 
Glassy carbon nanowires pyrolyzed at 700 oC were selected as the H2 gas 
sensing platform. Under all the pyrolysis temperature conditions, the glassy carbon nanowires 
exhibited the semiconducting materials in the electrical conductivity-temperature 
relationships, and electrical conductivity increased as the measurement temperature increased. 
As shown in Figure 2.7, the electrical characteristics of the suspended carbon nanowires were 
reduced 20 times after the deposition of the Pd layer of 5-nm-thickness, and the Pd-deposited 
glassy carbon nanowires showed good ohmic contact characteristics. 
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Figure 2.8 Gas sensing characteristics of the suspended Pd/carbon nanowire type the H2 gas 
sensor. (a) Gas sensing responses at various concentrations from 10 to 500 ppm. (b) Gas 
sensing response with respect to the square root of the H2 concentration. (c) Reproducible gas 
response over three gas injection-purging cycles at various concentrations of the H2 gas. (d) 
Response time with respect to the H2 gas concentrations (solid triangle : response time, black 
triangles : reciprocal of response time). 
The characteristics of the H2 gas sensing platform based on the Pd deposited on 
the glassy carbon nanowires show that the H2 gas concentration is varied from 500 ppm to 10 
ppm and the heater temperature at which the H2 gas sensing chip is placed is maintained at 
100 oC. The gas reaction was proportional to the H2 gas concentration from 10 to 100 ppm 
due to PdHx (Palladium hydride) formation; then, the gas reaction slowly saturates. The 
electrical characteristics of the glassy carbon nanowires deposited with Pd increased from 
5.9 % at 10 ppm and 129.3 % a 500 ppm. In the Langmuir adsorption isotherm model, the 
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adsorption (ra) and desorption (rd) rates of dissociatively adsorbing gas molecules such as H2 
are expressed as 
2(1 )a ar k C= − Θ      (2) 
2
d dr k= Θ      (3) 
where ka and kd are the adsorption and desorption rate constants, C is the H2 gas 
concentration; and Θ is the fraction of the surface sites occupied by the adsorbates. In the 
early stages of the gas injection, Θ can be neglected, so the adsorption rate is linearly 
proportional to the H2 gas concentration and is gradually affected by (1-Θ)2. Thus, the initial 
reaction time is inversely proportional to the H2 gas concentration. The H2 gas sensing 
platform shows an inverse linear relationship between the H2 gas concentration and the gas 
response time at low H2 gas concentration, defined as the time at which the H2 gas 
concentration reaches 36.8 % (=e-1). The H2 gas sensing rate of the H2 gas sensing platform is 
dominantly influenced by H2 dissociative adsorption to the Pd layer, while the mass transfer 
effect to the sensing surface area is negligible. However, since the available surface for H2 
gas adsorption is depleted, the H2 gas reaction time at H2 gas concentration higher than 100 
ppm increases. This H2 gas reaction kinetics is also found in the relationship between the H2 
gas reaction and concentration. At the equilibrium, or ra is equal to rd, the ratio of the 
occupied fraction of the surface sites to the non-occupied fraction is proportional to the 
square root of the H2 gas concentration, described as 
1
a
d
k C
k
Θ
=
− Θ      (4) 
The H2 gas response of a suspended Pd-deposited glassy carbon nanowire shows 
a linear relationship with the square root of the gas concentration at low H2 gas concentration. 
Thus, the H2 gas reaction of the suspended Pd-deposited glassy carbon nanowire is also 
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closely related to the H2 gas chemisorption. 
The reproducibility of the H2 gas sensing platform was measured by three successive cycles 
of the H2 gas injection and N2 purge at the constant concentration. Repeatability tests were 
performed in order of 50, 100, 500, and 30 ppm. Even with rapid H2 gas concentration 
changes, the H2 gas sensing platform shows the relatively good H2 gas response 
reproducibility (± 2.14 - 8.0 %). 
 
Figure 2.9 (a) Gas sensing characteristics of the suspended Pd/carbon nanowire type the H2 
gas sensor for 50 ppm H2 concentration at 25 (room temperature), 50, and 100 oC. (b) 
Comparison of the gas sensing characteristics at 50 ppm of H2 gas between the suspended 
Pd/carbon nanowire and the substrate-bound Pd nanowire. 
The effect of the measurement temperature on a H2 gas sensing platform was 
characterized by comparing the H2 gas response values at 25, 50, and 100 oC under 50 ppm 
H2 in Figure 2.9 (a). The H2 gas response increases as the measured temperature increase. 
However, since the internal diffusion of H2 gas and the reaction rate change with temperature, 
the H2 gas reaction time is reduced. The H2 gas sensing platform at the room temperature 
exhibits a relatively good H2 gas response of 11. 0 %, which is about 31 % of the H2 gas 
response at 100 oC.  
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1-D Pd nanostructures are advantageous for the fast detection at low H2 gas 
concentrations due to fast gas absorption and high surface-to-volume ratios. Despite these 
advantages, the difficulty of the nanofabrication limits the application of nanostructures in the 
H2 gas sensing platform. In contrast, the H2 gas sensing platform was simply fabricated using 
a batch fabrication processes owing to the architecture of a suspended glassy carbon 
nanowire and SiO2 eaves. The advantage of a suspended nanostructure of the H2 gas sensing 
was evaluated by fabricating a Pd nanowire on the substrate and comparing their performance. 
Pd nanowires having a thickness of 100 μm, a width of 110 nm, and a thickness of 5 nm were 
patterned on 1-μm-thick SiO2 deposited on a Si substrate. The dimensions of the substrate-
bound Pd nanowires were selected to match the dimensions of the suspended nanowire. The 
H2 gas-sensing capability of existing Pd deposited glassy carbon nanowires can not be 
directly compared with substrate-bound Pd nanowires. In the case of the former, the Pd layer 
contains a shell surrounding the electrically conductive glassy carbon nanowire core. 
However, since the thickness of the Pd layer is much smaller than the diameter of the glassy 
carbon nanowires, the surface-to-volume ratio of the suspended Pd-deposited glassy carbon 
nanowire could be approximated to the surface-to-volume ratio of the Pd nanowires on the 
substrate. It can also be assumed that the H2 gas response of the suspended Pd-deposited 
glassy carbon nanowires is determined by the Pd material shell because the electrical 
properties of the glassy carbon nanowires are much greater than the electrical properties of 
the Pd layer shell. The H2 gas response of the suspended Pd-deposited glassy carbon 
nanowires was 64.6 % higher with shorter reaction times and recovery times than with 
substrate-bound Pd nanowires. It is believed that the enhanced performance of the suspended 
Pd-deposited glassy carbon nanowires is due to convective enhancement and the transfer of 
the circumferential material to the stagnant nanowire and the reduction of the effect of the 
stagnation layer. 
Suspended ZnO 
NWs/glassy carbon 
nanowire 
  
 
  
In this chapter, a suspended ZnO 
NWs/glassy carbon nanowire will be 
introduced to apply the gas sensing platform. 
Also, fabrication steps and material property 
will be given. 
38 
 
3 Suspended ZnO NWs/glassy carbon nanowire 
3.1 Background 
 
Figure 3.1 Needs to gas sensing platform at various field such as biomedical, food & 
beverage, agriculture & Farming, environment chemical industry, and military defense. 
The Pd material is a highly selective H2 gas sensing material. Over the last 
decade, however, there has been an increasing demand for chemical and gas sensing platform 
in many applications, including biomedical applications, food & beverage safety, 
environmental monitoring, the chemical industry and military defense systems [78-82]. The 
gases of interest are CH4, CO, H2, H2S, NO2, SO2 and various volatile organic compounds 
(VOCs) such as acetone, benzene, ethanol, methanol and toluene. Some gases are harmful 
and hazardous in parts-per-million (ppm) due to their toxicity, corrosiveness, and noxious 
effects [83-85]. 
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Figure 3.2 Some primary air pollutants react with other chemicals in the air to make 
secondary air pollutants. 
Depending on the nature of the gas, there are two type pollutants; primary and 
the secondary pollutants [86-88]. The primary pollutants are directly affected air pollutants 
such as H2S, NH3, CO2, SO2, NO, petroleum steam, diesel, kerosene, liquefied petroleum gas 
(LPG), dust particles etc., and then, the secondary pollutants are affected indirectly such as 
NO2, SO3, O3, ketones, sulfuric acid (H2SO4) etc. Exposure to toxic and noxious gas 
contaminants could be affected by heart and respiratory diseases, lung cancer, decreased 
hemoglobin, nervous system damage, mental retardation, digestive and reproductive system 
impairments, blindness, forgetfulness and hypertension etc [89-93]. Leakages of these 
pollutants can cause serious health problems if they reach a critical level of up to 100 ppm 
[86-87]. Therefore, the gas sensor needs to improve the gas sensitivity and selectivity. Lower 
limit of detection (LOD) and high gas selectivity are notable performances in gas sensing 
platforms with long term use and stable chemical and thermal properties over time, gas 
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sensitivity, low power consumption, fast gas response and recovery time [94-97]. Current 
social requirements for the gas sensing platforms are for small, low-cost, portable and easy-
to-use gas sensors with wireless connectivity [98]. 
 
Figure 3.3 Researches on n-type and p-type metal oxide semiconducting nanostructure for 
use as the gas sensor from H. Kim et. al. [99]. 
Metal oxide based gas sensing platforms are ideal for overcoming the social 
needs of gas sensing platforms [100-104]. The operating principle of the metal oxide based 
gas sensing platform is based on the reduction of the ambient or the change in electrical 
properties depending on the oxidizing gas concentration. Metal oxide based gas sensing 
platforms have many advantages such as fast gas sensing response, simple implementation, 
low cost and stable chemical and thermal characteristics for long term use. Nonetheless, there 
are still some problems with metal oxide-based gas sensing platforms, such as high operating 
temperatures of over 200 oC and above and long operating times of gas sensing response and 
recovery [105-107]. High operating temperatures would cause significant operating hazards 
and limited use when gas detection is not suitable for the green energy community. Despite 
the high operating temperature, metal oxide based gas sensing platforms have long been 
developed due to the advantages of fast gas sensing response time [108]. Fast gas detection 
time is important for users to detect warming alarms in advance of hazardous gas exposure 
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[109-111]. To effectively expose ambient gases to metal oxides, previously dominant metal 
oxide films have been developed by nanowires, nano-flakes or nanoparticles, and larger 
surface to volume ratios could improve gas sensing response and recovery times owing to the 
larger surface-to-volume ratio in the nano-structure. Although some researchers have 
developed for a variety of nano-structures based on the metal oxides, it is difficult to predict a 
larger surface-to-volume ratio in the metal oxide nano-structures. This is because there is a 
dead surface area in the substrate-bound structure that does not surrounds the gas. 
 
Figure 3.4 Gas sensing mechanisms of electronic core-shell structures in (a) n-ype and (b) p-
type metal oxide semiconducting nanomaterials from H. Kim et. al. [99]. 
Hierarchical nanowires have a high aspect ratio in the form of metal oxide 
nanowires in the field of the gas sensing. The surface area of the layered metal oxide 
nanowires formed in the substrate-bounded structure is smaller than the theoretical surface 
area of the layered metal oxide nanowires because of the dead surface area between the 
layered metal oxide nanowires and the substrate [114]. 
However, the hierarchical metal oxide nanowires formed in the suspended 
structure have higher gas sensing properties than the substrate-bound structure because the 
dead surface area of the hierarchical metal oxide nanowires in the suspended structure is 
smaller than that of the substrate-bound structure. In addition, the ambient gas is more 
affected by the suspended structure due to the no-slip condition at the bottom of the substrate. 
There are many advantages to stationary structures, but it is difficult to create suspended 
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structures without expensive nano-fabrication such as e-beam lithography and FIB milling 
[115-116]. Metal oxide nanowires for the gas sensing platforms using a suspended structure 
have been developed in two type; metal oxide nanowires networked between two electrodes 
and hierarchical metal oxide nanowires randomly deposited in the posts [114, 117]. Two 
types of hierarchical metal oxide nanowires have high gas sensing properties, but wafer level 
fabrication for gas sensing platforms is difficult. Carbon-MEMS is a wafer level batch 
fabrication process consisting of the photolithography and the pyrolysis. Suspended carbon 
nanowires made from the carbon-MEMS have high young’s modulus, monolithic structure 
and longitudinal tensional stress [4, 118]. 
 
Figure 3.5 Categorization of gas sensing platform based on semiconducting nanowire to 
enhance the gas sensing response such as hierarchical nanowire from Y. Zhang et. al.[112], 
network architecture from Y. Choi et. al.[113], and hierarchical suspended structure from M. 
R. Alenezi et. al.[114]. 
In this study, we developed a highly sensitive gas sensing platform based on the 
hierarchical ZnO nanowires grown in the circumferential direction of the suspended glassy 
carbon nanowires. We fabricated the suspended glassy carbon nanowires by the carbon-
MEMS and fabricated the hierarchical ZnO nanowires forests using the hydrothermal method 
consisting of the seed layer process and the growth process. For selective deposition 
processes, a stepped photoresist patterning process was carried out using the positive 
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photoresists in the suspended glassy carbon nanowires for the selective open. After the 
selective deposition process, the growth process proceeds, the photoresist is removed, and the 
selective ZnO nanowires forests are grown on the suspended glassy carbon nanowires. In 
order to increase the effect of the gas sensing material of the ZnO nanowires forests on the 
suspended glassy carbon nanowires, the electrical properties of the suspended carbon 
nanowires were modulated by the controlling the pyrolysis conditions of the temperature. The 
electrical resistance was linearly changed with the concentration of the surround gases. 
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3.2 Fabrication & Experimental 
 
Figure 3.6 Fabrication steps for hierarchical ZnO nanowires forests grown a suspended 
single glassy carbon nanowire for use as gas sensing platforms. 
The fabrication steps for a ZnO nanowires forests grown circumferentially on the 
suspended glassy carbon nanowire are illustrated in Figure 3.6 and 3.7. Before the fabricating 
glassy carbon structure, 1-μm-thick SiO2 layer was grown on a 6-inch Si wafer (p-type, boron, 
5-20 Ω·cm, 660 – 700 μm thick; LG Siltron Co., Ltd., Republic of Korea) using the wet 
oxidation process. The SiO2/Si substrate was cleaned in a hot piranha solution (H2SO4 : H2O2 
= 4 : 1) and a dehydration process was performed on a hot plate at 200 oC for 5 min. The 
negative photoresist of 45-μm-thick (SU-8 2050, MicroChem. Corp., USA) was coated using 
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the spin-coating machine on the SiO2/Si substrate and soft-baked at 95 oC for 10 min, a 
coated negative photoresist layer was exposed to a UV dose (230 mJ cm-2) to make the post 
structures that support a suspended negative photoresist microwire. A second UV exposure of 
a low UV does (16 mJ cm-2) was performed to selectively polymerize between the pre-
exposed post structures. A suspended negative photoresist microwire structure was formed by 
the development process after the post-exposure bake process. A suspended negative 
photoresist microwire structure was converted into a suspended glassy carbon nanowire 
structure suing the polymer pyrolysis process owing to the high volume decreasing ratio. ZnO 
nanowire was made by the autoclave process consisting of the seed process and the growth 
process. Before the ZnO seed layer deposition process, a positive photoresist of 14-μm-thick 
(AZ 4330, AZ Electronic Materials, USA) was coated on theses substrate to the selective 
open. To selective deposit the ZnO seed layer on a suspended glassy carbon nanowire, a 
positive photoresist layer was exposed to a low dose (50 mJ cm-2) for selective be etched by 
the developing solution. After the development process, a positive photoresist was covered 
without a suspended glassy carbon nanowire. The ZnO layer of 20-nm-thick was deposited 
on a selective suspended glassy carbon nanowire and a positive photoresist using the rf-
sputtering process (SRN-120, Sorona Co., Ltd., Republic of Korea) and a positive photoresist 
was removed using the acetone (J.T. Baker Chemical Co., Ltd., USA). The growth process 
was made in 10 mM zinc nitrate hexahydrate (Zn(NO3)2 · 6H2O) with 10 mM hexamethylene 
tetramine ((CH2)6N4) using the autoclave system owing to high pressure and higher 
temperature better than water evaporation degree of 100 oC. 
Microstructures of a circumferentially grown hierarchical ZnO nanowires forests 
on a suspended glassy carbon nanowire were characterized using the X-ray diffraction 
measurement (XRD, D/MAX2500V/PC, Rigaku Co., Japan), the SEM (Quanta 200, FEI 
Company, USA) and HRTEM (JEM-2100F, JEOL Ltd., Japan). To characterize the crystal 
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structure by the XRD measurement, hierarchical ZnO nanowires was grown on the 
carbon/quartz substrate to remove the single crystal peak generated by the SiO2/Si substrate. 
TEM samples of a circumferentially grown hierarchical ZnO nanowires forests on a 
substrate-bound glassy carbon nanowire were prepared using a FIB milling machine (Helio 
450HP, FEI company, USA). 
 
Figure 3.7 Steps for fabricating a suspended ZnO nanowires forests/glassy carbon nanowire 
to apply to the gas sensing platform. 
Various gas detection responses such as NO2, CO, H2, SO2, C6H6 and CH4 were 
measured at atmospheric pressure in a chamber. Before the gas detection, the chamber was 
purged by several vacuum pumping and N2 gas purging cycles. Gas concentrations were 
controlled by mixing 0.1 % concentration and N2 using a gas flow meter (GMC 1200, 
ATOVAC, Republic of Korea). The electrical resistance change was characterized using a 
source meter (Keithely 2401, Keithley Instruments, Inc., USA) in various gas concentration 
with N2 gas. 
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3.3 Results & discussion 
 
Figure 3.8 SEM images of the hierarchical ZnO nanowires forests grown on selectively the 
suspended single glassy carbon nanowire; (a, b) bird-view, (c, d) cross-section view. 
Hierarchical ZnO nanowires forests have grown perfectly and circumferentially 
and selectively on the suspended glassy carbon nanowire without the bottom surface of the Si 
substrate. The diameter and length of hierarchical ZnO nanowires forests are about 50 ~ 70-
nm-width and 1.1 ~ 1.5-μm-length on a suspended glassy carbon nanowire of 150-nm-
diameter and 119.5-μm-length. The hybrid structure of a hierarchical ZnO nanowires forests 
grown circumferentially on a suspended glassy carbon nanowire is expected to improve the 
gas sensing platform with a high density of hierarchical ZnO nanowires forests. As described 
in the experimental section, the ZnO layer was selectively deposited on a suspended glassy 
carbon nanowire. The etched SiO2 area on the SiO2/Si substrate served to remove the ZnO 
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nanowire particles made by the growth process. 
 
Figure 3.9 SEM images of substrate-bound ZnO nanowires forests grown on (a, b) a 1-μm-
width and (c-f) a 20-μm-width ZnO seed lines. The seed lines are 100-μm-length. 
ZnO nanowires were grown on the substrate to characterize the effect of the 
geometric characteristics of the ZnO nanowires forests grown between the suspended 
structure and the substrate-bound structure. As described in the previous paragraph, ZnO 
nanowires are selectively aligned over 1D carbon nanostructures without the need to rely on 
very precise alignment because the alignment accuracy is determined by the carbon nanowire 
length, not by width. However, due to limitations in alignment accuracy, it is almost 
impossible to produce substrate-bound carbon nanowires selectively coated with ZnO 
nanowires forests. Instead, we created a ZnO nanowires forests grown on the substrate 
without a carbon nanowire backbone. First, a ZnO seed layer is patterned in the form of a line 
(length = 100 μm) on the substrate and then ZnO nanowires are grown using the same 
hydrothermal process as the suspended ZnO nanowires forests as shown in Figure 3.9. The 
growth pattern of ZnO nanowires forests depends on the lateral position of the ZnO seed line. 
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At the 20-μm-width ZnO seed line, the nanowires were grown vertically and firmly in the 
middle of the seed line, as shown in Figure 3.9 (e). On the other hand, ZnO nanowires grow 
radially and less dense at the edge of the seed line, as shown in Figure 3.9 (d, f). This 
position-dependent growth pattern is due to the fact that the diffusion of hydrothermal 
solution occurs vertically in the middle region of the seed layer and radial diffusion occurs at 
the edge parts. This radial diffusion is dominant over a narrow ZnO seed layer (width = 1 
μm), so that the portion of ZnO nanowires grown radially increases. Thus, the overall ZnO 
nanowires forests are form less tightly, allowing for better gas accessibility. As described in 
the fabrication section, the Si substrate was exposed underneath the suspended nanowire. 
Thus, the hydrophobicity of the Si substrate prevented spontaneous precipitation of ZnO 
nanostructures produced in the bulk growth solution. 
 
Figure 3.10 Point chemical analysis spectrum acquired from a suspended ZnO nanowires 
forests/glassy carbon nanowire; (a, b) ZnO nanowires grown on a suspended glassy carbon 
nanowire, (c, d) core glassy carbon nanowire. 
The chemical composition of ZnO nanowires grown on the suspended carbon 
nanowire was characterized using EDS as shown in Figure 3.10. According to the EDS data, 
ZnO nanowires consist mainly of zinc (Zn) and oxygen (O) in a ratio of 1:1. The carbon 
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composition significantly increases in the cores of the ZnO nanowires forests with carbon 
nanowire embedded therein. 
 
Figure 3.11 XRD pattern of ZnO nanowires grown on a glassy carbon structure using 
hydrothermal method. 
Conventional XRD measurements based on theta-2theta method were performed 
to confirm that the aligned ZnO nanowires on the glassy carbon structure were orientated in 
the c-axis. The diffraction peaks could be easily indexed into a hexagonal crystal structure of 
the wurtzite structure having a cell constants (a = 0.325 nm, c = 0.521 nm; JCPDS card : 00-
036-1451) [119]. A small but negligible diffraction peak was found along the direction (103), 
which shows some deviation from the c-axis. The full width half maximum (FWHM) of the 
diffraction peak in the direction of (002) and the ratio of (002)/(103) are 0.125 ° and 53.25 
respectively. In the ZnO crystals, the growth rates are [0001] > [011
_
1
_
] > [011
_
0] > [0001
_
] in 
the hydrothermal growth process [120]. In addition, the HMTA plays an important role in 
helping the heterogeneous growth of ZnO nanowires on the ZnO nucleation surface [121-
125]. Because the crystal growth rate of ZnO nanowires is different, the crystal growth of 
ZnO nanowires is affected by the substrate though the ZnO materials are an anisotropic 
crystal structure [126-128]. As the glassy carbon structure with a hexagonal carbon structure, 
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ZnO nanowires grown on a glassy carbon structure have a large c-axis crystal growth 
direction. The diffraction pattern represents two peaks with higher intensities of (002) and 
(004) which are multiples of the c-axis growth direction of the ZnO materials. In addition, 
peaks from impurities such as Zn are not detected in the diffraction pattern and exhibit high 
purity products. 
 
Figure 3.12 TEM analysis of a ZnO nanowires/ZnO seed layer/carbon structure. (a, b) 
HREM images of (b) ZnO seed layer and (c) ZnO nanowire inserted the diffraction pattern 
and inverse FFT image. 
Figure 3.12 shows the TEM image taken from the ZnO nanowires forests/ZnO 
seed layer/carbon/SiO2/Si sample prepared using the FIB milling. The ZnO nanowires have a 
structurally homogeneous and complete single crystal structure because the ZnO crystal 
lattice is well oriented in the part of the ZnO nanowires. Figure 3.10 (b) shows the HRTEM 
image showing that the ZnO nanowires are the wurtzite crystal structure referred the JCPDS 
card (00-036-1451). The interplanar spacing at the crystalline plane is 0.258 nm, which 
represents the distance between (002) planes and shows excellent growth along the [0002] 
direction of the c-axis. The ZnO seed layer prepared by the rf-sputtering method has a part 
between the amorphous part and the single crystal part. As described in Figure 3.8 (b), the 
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hydrothermal method for ZnO nanowires growth does not require an annealing process after 
the seed layer deposition process because the amorphous phase is converted into a crystalline 
phase in the ZnO nanowires growth process, so the substrate is important to grow the ZnO 
nanowires. Since the glassy carbon structure fabricated using carbon-MEMS has a short-
range ordered crystal structure and a hexagonal structure, there is almost no discrepancy 
between the ZnO nanowires and the glassy carbon structure, so the high aspect ratio of ZnO 
is influenced by the glassy carbon structure. 
 
Figure 3.13 I-V characteristics of ZnO nanowires grown on a suspended single carbon 
nanowire (olive line : carbon nanowire, orange line : ZnO seed layer/carbon nanowire, violet 
line : ZnO nanowires/ZnO seed layer/carbon nanowire) at (a) room temperature and (b) 200 
oC. 
The electrical characteristics of a ZnO nanowires forests grown circumferentially 
on a suspended carbon nanowire are showed at Figure 3.13. Suspended carbon nanowires 
have the ohmic contacts measured by the I-V characteristics. Because the electrical 
conductivity of the glassy carbon structure made by the carbon-MEMS is affected by the 
polymer pyrolysis conditions of the temperature, the electrical resistance of the suspended 
carbon nanowires is increased for the application of ZnO nanowires-based gas sensing 
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platforms [129]. After the ZnO seed layer was deposited selectively on a suspended carbon 
nanowire at 20-nm thickness using the rf-sputtering process, there is not change at the I-V 
characteristics. After the ZnO nanowires growth process based on the hydrothermal method, 
the electrical resistance was decreased at 2.4 times at room temperature. There is a slight 
difference between the ZnO nanowires and the glassy carbon nanowire, but the metal oxide 
based gas sensing platform would be applied because of the large electrical resistance at 200 
oC, as shown in Figure 3.13. This change in ZnO nanowire growth induction resistance 
increased to ~ 320 times at the gas sensing temperature (200 oC), as shown in Figure 3.13 (b). 
Therefore, it would be assumed that the influence of glassy carbon nanowires on gas sensing 
is negligible. In addition, when the electrical resistance decreases dramatically after ZnO 
nanowires growth, the nanowires grown in the circumferential direction are well 
interconnected along the suspended carbon nanowires. 
 
Figurer 3.14 Gas sensing mechanisms and equivalent electrical circuit based on n-type metal 
oxide semiconducting materials from H. Kim et. al. [99]. 
The main charge-transfer mechanism of Si-based semiconductor materials can be 
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manipulated by appropriate doping of donor or acceptor. On the other hand, the main charge 
carriers are either doped with alkali cations in the wide bandgap oxide based semiconductor 
material or determined in an oxygen non-stoichiometric manner [130]. The concentration of 
charge carriers in semiconductor materials used in the gas sensing platform can be changed or 
adjusted to the appropriate range at the sensing temperature to achieve a high gas response 
and to control the electrical properties of the semiconductor material. The doping can be used 
to control the major charge carrier concentration of the gas sensing material since the oxygen 
non-stoichiometry can not be changed at a fixed operating temperature [131-132]. 
 
Figure 3.15 (a) Gas responses at various NO2 concentrations of the suspended ZnO 
nanowires forests and substrate-bound ZnO nanowires forests. Resistance changes at various 
NO2 concentrations of (b) the suspended ZnO nanowires forests and substrate-bound ZnO 
nanowires forests grown on (c) a 1-μm-width and (d) a 20-μm-width pads. 
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Oxygen molecules in semiconductor materials adsorb to the surface of n-type 
metal oxide semiconductor materials such as SnO2 and ZnO and ionize into oxygen species 
by taking electrons near the surfaces [133-134]. It is known that the adsorption species of 
oxygen ion is dominant at less than 150 oC, between 150 and 400 oC, and over 400 oC [134]. 
This principal for the formation of an electronic core-shell structure; an n-type semiconductor 
region in the particle core, and an electrical resistance in the shell. Although the n-type metal 
oxide semiconductor material forms an electric core-shell layer adsorbed by oxygen, its 
conduction characteristics are significantly different. The electrical resistance of the n-type 
metal oxide semiconductor materials is mostly determined by the electrical resistance shell-
shell contact formed between the particles in the n-type metal oxide semiconductor material. 
Therefore, an equivalent circuit could be described as an electrical series connection between 
a semiconductor core (Rcore) and a resistive inter-particle contact (Rshell) [135-138]. 
 
Figure 3.16 (a) Gas responses of a ZnO nanowires forests/carbon nanostructure versus 
various concentrations of NO2. (b) Response time and recovery time versus various NO2 gas 
concentrations. 
When a gas sensing platform based on an n-type metal oxide semiconductor 
material is exposed to a reducing gas (CH4, CO, H2, SO2, C6H6), an ionized anion such as O2-, 
O- and O2- is injected into the core from the semiconductor material to reduce the electrical 
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conductivity in proportion to the concentration of the reducing gas. Thus, the high gas 
response to the transfer concentration of the reducing gas in the n-type metal oxide 
semiconductor material is due to a significant charge in the chemical resistance between the 
particles. In contrast, when the gas sensing platform is exposed to oxidizing gas (NO2), the 
ionizing anion reacts in the reduction mechanism and the electrical carrier is reduced due to 
the reduction mechanism. 
 
Figurer 3.17 Long term stability of the gas sensing platform based on ZnO nanowires forests 
grown on a suspended carbon nanowire: the gas response and recovery behaviors for 500 ppb 
NO2 were tested in the period of 60 days. 
Gas sensing properties of a gas sensing platform based on the ZnO nanowires 
forests grown circumferentially on a suspended glassy carbon nanowire were characterized 
by measuring the electrical resistance change according to various NO2 concentrations (50 
ppb - 500 ppb). As shown in Figure 3.15, the electrical resistance of ZnO nanowires forests 
increases with the concentration of NO2 gas; this reflects the general nature of n-type 
semiconductor-based gas sensors such as ZnO nanowires for oxidizing gases such as NO2 
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since the NO2 is oxidizing gas and ZnO is n-type semiconductor. The sensor showed a high 
gas response (=change in resistance after gas injection / resistance before gas injection) even 
at very low concentration (~11.4 for 50 ppb NO2). This high gas sensing capability will 
probably be due to the long crystalline and high crystallinity of the ZnO nanowires grown on 
the suspended carbon nanowire [44]. The gas response increases linearly to 500 ppb with a 
sensitivity of 30.21 ppb-1 and the gas response resumes linear increase with concentration at a 
sensitivity (2.88 ppb-1) lower than the first linear gas concentration range (50 – 500 ppb). 
This is because as the concentration of NO2 increases, the available sites of the ZnO 
nanowires surfaces become saturated and the electrical resistance of the ZnO nanowires 
forests approaches the electrical resistance of the suspended glassy carbon nanowire (~ 190 
MΩ at 200 oC). 
 
Figure 3.18 Gas sensing characteristics of a ZnO nanowires forests/carbon nanostructure 
based gas sensor for various CH4 gas concentration mixed in dried air at 200 oC. 
The impact of the interrupted gas sensor architecture on response and recovery 
times is also analyzed in Figure 3.16. The gas sensor response time is defined as the time 
required for the sensor to reach 90 % of the maximum electrical resistance change after the 
gas exposure. The recovery time is defined as the time to recover 90% of the initial signal 
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after closing the target gas valve. As shown in Figure 3.16, the response time and the 
recovery time decrease with the gas concentration in all gas sensor configuration, including 
suspended structure and substrate-bound structure typed sensors. The suspended structure 
type sensor showed faster the response and the recovery time than the substrate-bound type 
sensor. This may also be due to the improved structure and the enhanced mass transfer due to 
the circumferentially distributed ZnO nanowires. 
 
Figure 3.19 Gas sensing characteristics of a ZnO nanowires forests/carbon nanostructure 
based gas sensor for various CO gas concentration mixed in dried air at 200 oC. 
The long-term stability of the suspended gas sensing platform was investigated 
by measuring gas response at 500 ppb NO2 for 2-months, as shown in Figure 3.17. The base 
resistance of the suspended structure type sensor (the resistance before the gas injection) and 
the resistance changes at 500 ppb NO2 of a suspended sensor did not change significantly 
during the 20month testing period. In long-term stability tests, the gas sensor was stored in 
the air without humidity control. This confirms that the influence of humidity on the gas 
sensing material is not significant. The suspended nanowire-type gas sensor showed excellent 
stability. During the stability test, the gas sensor was stored in the air without humidity 
control. This confirms the practical applicability of the proposed sensor. Figure 3.18 shows 
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the gas sensing response measurements from 400 ppm to 1 % at various concentrations CH4 
gas. Unlike the reducing gas of NO2 gas, the electrical conductivity is improved by the 
oxidizing gas such as CH4, CO, C6H6, H2, SO2. The increasing rate in the electrical 
conductivity is linearly reduced by the gas concentrations of CH4 mixed in dry air at 200 oC. 
The linear curve of the existing hierarchical ZnO nanowires forests/glassy carbon nanowire is 
400 ppm to 1% and the LOD is about 381 ppm of the CH4 gas concentration. 
 
Figure 3.20 Gas sensing characteristics of a ZnO nanowires forests/carbon nanostructure 
based gas sensor for various C6H6 gas concentration mixed in dried air at 200 oC. 
Figure 3.19 illustrates gas sensing response measurements at various gas 
concentrations of the CO from 500 ppb to 1,000 ppm. As shown in Figure 3.19 (b), there are 
two types of linear curves for the gas sensing response depending on the gas concentration. 
One linear curve is at a low concentration of CO gas from 500 ppb to 90 ppm and the other 
linear curve is at a high concentration from 100 ppm to 500 ppm. However, at higher 
concentrations of 500 ppm CO gas, the maximum CO gas sensing value of the suspended 
hierarchical ZnO nanowires forests/glassy carbon nanowire is 500 ppm because of the similar 
CO gas response between 500 ppm and 1,000 ppm. The increasing rate in the electrical 
conductivity decreases linearly with the gas concentration of O2 mixed with dry air at 200 oC. 
60 
 
The linear curve of the suspended hierarchical ZnO nanowires forests/glassy carbon nanowire 
is 500ppb to 90 ppm and the LOD is about 1.05 ppm of the CO gas concentration. 
 
Figure 3.21 Gas sensing characteristics of a ZnO nanowires forests/carbon nanostructure 
based gas sensor for various H2 gas concentration mixed in dried air at 200 oC. 
Figure 3.20 shows gas sensing response measurements at various gas 
concentrations of C6H6 from 500 ppb to 200 ppm. The C6H6 gas sensing response increases 
linearly from 500 ppb to 90 ppm. Above a 100 ppm C6H6 gas concentration, the gas sensing 
response is similar. The increasing rate in the electrical conductivity is linearly reduced by the 
gas concentration of C6H6 mixed in dry air at 200 oC. The linear curve of the suspended 
hierarchical ZnO nanowires forests/glassy carbon nanowires is 500 ppb to 90 ppm and the 
LOD is about 1.28 ppm of the C6H6 gas concentration. 
Figure 3.21 illustrates gas sensing response measurements at various H2 gas 
concentrations from 500 ppb to 500 ppm. H2 gas sensing response based on the suspended 
hierarchical ZnO nanowires forests/glassy carbon nanowire increases linearly from 500 ppb 
to 100 pm. When the H2 gas concentration is higher than 100 ppm, the H2 gas sensing 
reaction is not detected. The gas sensing response is increased linearly with the H2 gas 
concentration with dry air at 200 oC. The linear curve of the suspended hierarchical ZnO 
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nanowires forests/glassy carbon nanowire is 500 ppb to 100 ppm, and the LOD is about 0.39 
of the H2 gas concentration. 
 
Figure 3.22 Gas sensing characteristics of a ZnO nanowires forests/carbon nanostructure 
based gas sensor for various SO2 gas concentration mixed in dried air at 200 oC. 
Figure 3.22 shows the gas sensing response measurements at various gas 
concentration of SO2 from 500 ppb to 300 ppm. The SO2 gas sensing response increases 
linearly from 500 ppb to 100 ppm. When the SO2 gas concentration is higher than 100 ppm, 
the SO2 gas sensing response is similar. The SO2 gas sensing response is increased linearly at 
SO2 gas concentrations from 500 ppb to 100 ppm with dry air at 200 oC. The LOD is about 
0.89 ppm of the SO2 gas concentration. 
The gas selectivity based on the suspended hierarchical ZnO nanowires 
forests/glassy carbon nanowire is shown as Figure 3.23. Gas sensing response is similar at 2.5 
ppm C6H6, CO, H2, SO2 and is about 1.1. However, NO2 gas sensing response is most 
achieved. The CH4 gas response is the lowest, but the gas sensing platform has a gas 
selectivity of CH4. 
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Figure 3.23 Gas selectivity based on a suspended hierarchical ZnO nanowires forests/glassy 
carbon nanowire in dried air at 200 oC. 
 Suspended 1D metal 
oxide nanostructure 
integrated the nano-
heater 
  
  
In this chapter, a suspended 1D metal 
oxide nanostructure grown on the HfO2/glassy 
carbon nanowire will be introduced to apply 
the gas sensing platform integrated the internal 
heater. Also, fabrication steps and material 
property will be given. 
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4 Suspended 1D metal oxide nanostructure integrated the nano-
heater 
4.1 Background 
 
Figure 4.1 Development of metal oxide semiconductor gas sensors in size and power 
efficiency from J. Burgues et. al. [135]. 
Metal oxide nanowires have excellent gas sensing materials. However, high 
operating temperatures are required for gas sensing platforms. The main source of power 
consumption of the metal oxide semiconductor gas sensor is a resistor that the heats the 
sensing surface to promote an efficient redox reaction between the adsorbed gas molecules 
and the metal oxide [133, 134]. For portable gas sensing platforms, the research groups 
developed a gas sensing platform based on the metal oxide nanowires incorporating a heating 
system using the MEMS manufacturing [135-145]. Using the MEMS fabrication, a potable 
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gas sensing platforms was developed in the micro-structure. Even if the society is satisfied 
with the size of the gas sensing platform, it is difficult to apply the gas sensing platform in the 
industry due to the high power consumption of the heating system. As well as, due to limited 
power consumption and the intended intermittent device operation, continuous power supply 
is not possible in many battery-operated applications. When gas sensing technology is 
implemented in smartphones, users could evaluate air quality anywhere. Geo-tagging and 
Internet of Thing (IoT) could be done simultaneously to build a fine-grain air pollutions map 
of all measurement data using built-in localization and connectivity features or smartphones 
and wearables. The power consumption of the metal oxide semiconductor gas sensor 
represents 3.14 % of the total smartphone power usage or, 45 minutes of battery life reduction. 
For example, the recently introduced SGP sensor (sensirion AG) integrates several metal 
oxide semiconductor gas sensors on the same chip to increase power consumption to 48 mW. 
This represents 10 % of the smartphone’s power consumption or 2 hours and 15 minutes of 
battery life. Obviously, power consumption needs to be further reduced. In additional, 
suspended structure has been developed because it is difficult to transfer the heating space to 
another space to reduce the power conduction of the heating system [139]. 
 
Figure 4.2 Schematic showing the increase in the degree of alignment of the graphitic phase 
owing to the RTA process. 
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Table 3. Power consumption using the metal oxide semiconductor gas sensor integrated the 
MEMS heating system. 
No. Sensing materials Heating materials Power consumption Reference
1 SnO2 Pt/Ti 66 mW (325 oC) [146] 
2 SnO2-Pd Pt/Ti 18 mW (300 oC) [147] 
3 SnO2 Pt/Ti 34.2 mW (400 oC) [148] 
4 SnO2 Pt/Ti 15 mW (400 oC) [149] 
5 SnO2 Pt/Ti 7.7 mW (20 oC) [150] 
6 SnO2-Pd, WO3 Pt/Ti 15.5 mW (150 oC) [151] 
7 SnO2 Pt/Ti 30 mW (350 oC) [107] 
8 ZnO, V2O5, SnO2, WO3 Pt/Ti 2 mW (300 oC) [152] 
 
 
Figure 4.3 Schematic image of detailed our gas sensing platforms based on the suspended 
hierarchical metal oxide nanostructures grown on the HfO2/glassy carbon nanowire integrated 
the heating system. 
We designed a gas sensing platform based on the metal oxide nanowire 
incorporating a suspended glassy carbon heating nanostructure. However, it is difficult to 
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apply the heating nanostructure to the electrical conductivity of the glassy carbon structure. 
The researchers have developed a pre-treatment process to improve electrical conductivity, 
such as various doping and annealing processes, to overcome the relatively low electrical 
conductivity of the glassy carbon structure. Negative photoresist of SU-8 with the CNT was 
patterned into nanowires using electro-spinning and this wires were pyrolyzed [153]. This 
CNT doping improved the graphite phase and the electrical conductivity reached ~ 3.1 x 106 
S/m, much higher than the graphite. However, this doping process requires conformal mixing 
of CNTs and the photoresist, which must be maintained during the post-polymer-patterning 
process. Unlike the doping process, the annealing process is widely used for various materials 
including metal oxide semiconductors [154, 155]. It has been reported that the electrical 
conductivity of pyrolytic carbon processed using the CVD is improved at three times, and the 
crystallization and the thermal stability are enhanced [155]. In addition to electrical 
conductivity, other material properties such as crystallization and thermal stability could be 
enhanced through the annealing process and the doping process [154]. 
 
Figure 4.4 Schematic image of our gas sensing platforms and an electrical circuit. 
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A metal oxide gas sensing platform with the heating system is also the 
connection between the sensing part of the metal oxide nanowires and the heating part, as 
shown in Figure 4.4. The connecting material is in electrical insulation and low thermal 
insulating property. Primarily, high electrical insulating materials have high thermal 
insulating property owing to similar conducting mechanisms in the ceramic materials. Thin 
insulating materials with high dielectric constant are the best way to apply the connection 
between the metal oxide nanowire and the suspended carbon nano-heater, but the insulation 
properties are affected by the density. There are various insulating deposition processes such 
as plasma enhanced chemical vapor deposition (PECVD), atomic layer deposition (ALD) and 
rf-sputtering process [156-159]. During these insulating deposition processes, the rf-
sputtering process yields the lowest density insulating material. The processing time of 
PECVD is faster than that of ALD process, but insulating materials made of ALD have the 
highest density. In addition, various high permittivity materials such as HfO2 and Al2O3 
produced by the ALD have been developed [157-159]. 
 
Figure 4.5 Schematics of mechanisms of the HfO2 deposition fabricated by the atomic layer 
deposition process. 
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The ALD process is a vapor phase deposition process capable of producing thin 
films having various materials at the high density. The ALD process consists of a gas surface 
reaction and a purge process. Gas surface reactions are called “half-reactions” and are 
synthesized in the surface area. During the half-reaction, the precursor is charged into the 
chamber under a vacuum of less than 1 torr, and the precursor is converted to the by-products 
through a self-limiting process that does not leave a thin layer on the surface confinement 
zone [159]. A non-reactive gas such as N2 or Ar is then purged in the chamber to remove any 
unreacted precursor that has no surface area. This process is a cyclic process that mixes the 
half reaction and the purge process. The thickness of the insulation thickness is affected by 
the number of cycles and the synthesis temperature. 
Hierarchical metal oxide nanowires such as ZnO, In2O3, CuO and SnO2 have 
been developed to provide candidate materials for gas sensing materials due to their high 
surface to volume ratio, reasonable detection limits, and a wide range of detectable gases 
such as NO2, CO, CO2, H2, NH3 [99, 114, 160-163]. Among the hierarchical metal oxide 
nanowires, ZnO nanowires showed better detection performance than one-dimensional 
nanowires [114, 162]. However, the effects of the hierarchical metal oxide nanowires could 
be maximized when the hierarchical nanowires are located away from the substrate-bound, 
structure and the batch fabrication techniques for the complex structures of a suspended 
structure have not yet been well developed. 
In this study, we developed a metal oxide gas sensing platform incorporating a 
heating system. Our gas sensing platforms consists of the sensing part, the insulating layer 
and the heating part. Various metal oxide nano-structures such as ZnO, CuO were synthesized 
using the hydrothermal method consisting of the seed deposition process and the growth 
process. To selectively deposit a metal oxide seed layer on a suspended nanowire, a positive 
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photoresist was coated and the place of a suspended nanowire was only opened [150]. The 
growth was carried out using an autoclave system. In addition, the hydrothermal method 
compatible with the CMOS process is used to grow the hierarchical metal oxide nanowire 
relatively at a low temperature. As an insulating layer, the HfO2 layer was deposited using an 
ALD process. The suspended glassy carbon nanowires were synthesized using carbon-
MEMS. This section demonstrates the perfect integration of the suspended hierarchical metal 
oxide nanowires grown circumferentially on HfO2/glassy carbon nanowire, adding a heating 
system that uses only batch fabrication process to ensure high gas sensing capability and 
excellent manufacturability. 
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4.2 Fabrication & Experimental 
 
Figure 4.6 Fabrication steps for a suspended hierarchical ZnO nanowires forests/HfO2/glassy 
carbon nanowire for use as gas sensor integrated a heating system. 
The fabrication steps for the suspended hierarchical metal oxide nanostructures 
grown on the HfO2/glassy carbon nanowire integrated an internal heating system are 
illustrated in Figure 4.5. Before the fabricating an internal heating system using a glassy 
carbon structure, 1-μm-thick SiO2 layer was deposited on a 6-inch Si wafer (p-type, boron, 5-
20 Ω·cm, 660 – 700 μm thick; LG Siltron Co., Ltd., Republic of Korea) using the wet 
oxidation process based on a thermal oxidation. The SiO2/Si substrate was cleaned using a 
hot piranha solution (H2SO4 : H2O2 = 4 : 1) and a dehydration process was performed on a 
hot plate at 200 oC for 5 min. A positive photoresist of 1.2-μm-thick (AZ-5214E, AZ 
Electronic Materials, USA) was coated using the spin-coating machine and based at 105 oC 
for 2 min. After the patterning process using the UV-expose process (100 mJ cm-2), the SiO2 
patterns were made using the BOE solution (J. T. Baker, Chemical Co., Ltd., USA). A 
negative photoresist of 48.5-μm-thick (SU-8 2050, MicroChem. Corp., USA) was coated 
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using the spin-coating machine on the SiO2/Si substrate and soft-baked at 95 oC for 11 min, a 
negative photoresist structure was made using a UV expose (230 mJ cm-2) that support a 
suspended negative photoresist microwire. A second UV exposure (16 mJ cm-2) was 
performed to selectively polymerize between the pre-exposed post structures to make a 
suspended photoresist microwire. A suspended negative photoresist microwire was formed by 
the development process. A suspended negative photoresist microwire structure was 
converted into a suspended glassy carbon nanowire structure using the polymer pyrolysis 
process because of the high volume decreasing ratio. A suspended glassy carbon nanowire 
was progressed by the annealing process with 1000 oC and 5.0 x 10-6 torr for 4 min at the 
RTA, as described at Figure 4.6. In the RTA system, the fabricating temperature was 
measured using a k-type thermocouple that directly connected to the sample stage during the 
RTA process (accuracy ± 5 %). 
Hierarchical metal oxide nanostructures forests were made by the autoclave 
process. Before the metal oxide seed layer deposition process, a positive photoresist of 14-
μm-thick (AZ 4330, AZ Electronic Materials, USA) was coated on theses substrate to the 
selective open. To selective deposit the metal oxide seed layer on a suspended glassy carbon 
nanowire, a positive photoresist layer was exposed to a low dose (50 mJ cm-2) better than the 
database sheet to be etched selectively by the developing solution. After the development 
process, a positive photoresist was covered without a suspended glassy carbon nanowire. To 
make the multiplex gas sensor based on the CuO & ZnO nanostructures, a 20-nm-thick ZnO 
and CuO seed layer was deposited on a selective suspended glassy carbon nanowire and a 
positive photoresist structure using the rf-sputtering process (SRN-120, Sorona Co., Ltd., 
Republic of Korea) and a positive photoresist was removed using the acetone (J.T. Baker 
Chemical Co., Ltd., USA). First growth process was progressed to make the CuO nanoflakes 
on the suspended HfO2/glassy carbon nanowire in 10 mM Cupper (II) nitrate trihydrate 
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(Cu(NO3)2 · 6H2O) with 10 mM hexamethylene tetramine ((CH2)6N4 ,HMTA) using the 
autoclave system owing to the high pressure and higher temperature better than water 
evaporation degree of 100 oC. And then, second growth process was progressed to make the 
ZnO nanowires on the suspended HfO2/glassy carbon nanowire in 10 mM zinc nitrate 
hexahydrate (Zn(NO3)2 · 6H2O) with 10 mM HMTA ((CH2)6N4) using the autoclave system 
[163]. 
 
Figure 4.7 (a) Pyrolysis condition for the glassy carbon structure fabrication and (b) RTA 
process condition for the enhancement of the electrical conductivity. 
Microstructures of a suspended hierarchical metal oxide nanostructure grown on 
the HfO2/glassy carbon nanowire were characterized using the SEM and HRTEM. TEM 
samples of a circumferentially grown hierarchical metal oxide nanostructure forests on a 
substrate-bound HfO2/glassy carbon nanowire were prepared using a FIB milling machine. 
Characteristics of the insulating property of the breaking down voltage of the HfO2 layer 
deposited on a glassy carbon nanowire using the ALD process were measured by a source 
meter (Keithely 6517B, Keithley Instruments, Inc., USA). The heating property of the 
heating structure of a suspended glassy carbon is predicted based on the electrical 
characteristics depending on the temperature of the external heater of the hot plate. 
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Various gas detection responses such as NO2, CO, H2, SO2, C6H6 and CH4 were 
measured at atmospheric pressure in a chamber was purged by the N2 gas purging. Gas 
concentrations were controlled by mixing 0.1 % concentration and N2 using a gas flow meter 
(GMC 1200, ATOVAC, Republic of Korea). The gas sensing property was measured without 
an external heater using a source meter (Keithely 2401, Keithley Instruments, Inc., USA) in 
various gas concentrations with N2 gas. 
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4.3 Results & discussion 
 
Figure 4.8 SEM images of (a) a suspended and (b) a substrate-bound carbon nanowire. I-V 
characteristics of (c) a suspended and (d) a substrate bound nanowire. 
Various carbon nano-structures such as the suspended glassy carbon nanowire 
and the substrate-bound glassy carbon nanowire can be easily fabricated using carbon-MEMS. 
Suspended glassy carbon nanowires experienced shrinkage due to tensile stresses due to 
volume reduction during the polymer pyrolysis process. The volume reduction ratios is ~ 97 %  
in a suspended carbon nanowires, while the volume decreasing ratio is ~ 88 % without 
decreasing the length and width at the substrate-bound nanowire due to the van-deer-wall 
force between the photoresist pattern and the substrate at the photolithography and the block 
must remove some of the molecules generated by the polymer pyrolysis process. Therefore, 
substrate-bound carbon nano-structure was prepared as a trapezoidal structure after the 
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polymer pyrolysis process. 
 
Figure 4.9 Electrical conductivities of a suspended and a substrate-bound glassy carbon 
nanowire at pyrolysis condition before and after the RTA process. 
The 4-probe measurement method is useful tool for measuring the electrical 
conductivity because the effect of the voltage drop effect on the resistance of the nanowire is 
reduced by the compensated voltage. The wire-like structure consisting of wire and pad is the 
structure optimized for measuring electrical conductivity without the 4-probe measurement 
method [164]. However, the difference between center and edge in the suspended glassy 
carbon nanowires was caused by the volume reduction of the posts supporting the suspended 
glassy carbon nanowires during the polymer pyrolysis. To improve the accuracy of electrical 
conductivity in the suspended glassy carbon nanowires, the gold layer was deposited only at 
the edges of the suspended glassy carbon nanowires by electron beam evaporation without 
changing the length of the glassy carbon nanowires. In addition, the electrical conductivity 
changed greatly according to the thermal decomposition conditions of the polymer such as 
77 
 
the treatment temperature, and the voltage drop effect was reduced in the post. 
 
Figure 4.10 Raman spectrum of a glassy carbon structure before (green line) and after RTA 
process (orange line) consisting of (a) 600 oC, (b) 700 oC, (c) 800 oC, and (d) 900 oC . 
The electrical properties of various glassy carbon nanostructures have ohmic 
contacts in Figure 4.8 (c-d). In order to improve the electrical conductivity of various glassy 
carbon nanostructures, an annealing process was carried out, and the electrical conductivity 
was changed without changing the shape by the annealing process. Strengthening rates of 
various glassy carbon nanostructures have been changed according to the polymer pyrolysis 
conditions at the process temperature. The difference in electrical conductivity of the various 
glassy carbon nanostructures was not found before the annealing process, but the difference 
between the glassy carbon nanowires hanging after the annealing process and the substrate-
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bonded glassy carbon nanowires was calculated to be 14%. 
 
Figure 4.11 XPS analysis a glassy carbon structure before (green line) and after RTA process 
(orange line) consisting of (a) 600 oC, (b) 700 oC, (c) 800 oC, and (d) 900 oC . 
Carbon nanostructures were characterized by Raman spectroscopy in order to 
explain the microstructure and graphitization in carbon nanostructures. The D-band and the 
G-band peak of the glassy carbon material are the same when the temperature is changed in 
the polymer pyrolysis process [37-39, 42]. Some researchers have shown that carbon 
materials with a D/G ratio of ~ 0.87 can be successfully used as electrode materials [42]. The 
ratio of D/G after annealing depends on the temperature of the polymer pyrolysis process. In 
addition, the full width half maximum (FWHM) of the G-band peak is increased by the 
pyrolysis temperature after the RTA process. Crystallite size in the glassy carbon structure is 
estimated by the intensity ratio between G-band and D-band depending on Tuinstran & 
koenign relation and is increased by the pyrolysis temperature. The electrical conductivity of 
the carbon structure was enhanced by the increased graphite phase and crystallite size. 
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Figure 4.12 (a, b) TEM image, (c, d) diffraction pattern, and (c) inverse FFT of a suspended 
glassy carbon nanowire after the RTA process. (f, i) TEM image, (g, h) diffraction pattern of a 
substrate-bound glassy carbon nanowire. 
The oxygen/carbon composition ratio is important for carbon materials produced 
using the polymer pyrolysis process. Chemical composition was characterized by XPS 
analysis as shown in Figure 4.11. The oxygen/carbon composition ratio in the glassy carbon 
structure prepared by carbon-MEMS is about 0.03 [44]. Before the RTA process, the 
composition of carbon increased and the composition of oxygen decreased with the thermal 
decomposition temperature of polymer. After the RTA process, the carbon and oxygen 
compositions are similar without changing the polymer pyrolysis temperature. The electrical 
conductivity of the glassy carbon structure improves as the oxygen composition decreases 
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after the RTA process. The increasing graphite phase is indicated by the rate of reduction of 
the oxygen/carbon composition ratio. The oxygen atoms interconnected by carbon atoms 
were arranged by a graphene healing mechanism [165-167]. Oxygen atoms that are 
interconnected by carbon atoms are easier to align than carbon atoms, not interconnected 
oxygen atoms because of the low binding energy. 
Table 4. Categorization of the breaking down voltage of the insulating materials such as 
Al2O3, HfO2, SiO2. 
Insulating 
Material Al2O3 HfO2 SiO2 
Breaking down 
Voltage 
5.97 V 
(20 nm) 
11.82 V 
(20 nm) 
13.2 V 
(200 nm) 
Insulating property 29.9 mV/nm 59.1 mV/nm 6.6 mV/nm 
 
The electrical conductivity of the glassy carbon structure was altered by the 
polymer pyrolysis temperature and the RTA characterized by Raman spectroscopy and XPS 
analysis. However, using Raman spectroscopy and XPS analysis, it is difficult to find the 
cause of the other electrical conductivity between suspended and substrate-bound glassy 
carbon nanowires. We have found that the electrical conductivity of suspended glassy carbon 
nanowires is higher than that of substrate-bonded glassy carbon nanowires. And the 
crystallinity of carbon atoms in these carbon nanostructures was analyzed by TEM analysis. 
Aligned carbon atoms are predominantly present in the surface area than in the center in 
suspended carbon nanowires characterized by the inverse diffraction pattern tool, as shown in 
Figure 4.12. In addition, since the surface area is larger after the RTA process, the oxygen 
atoms are more likely to escape from the surface portion than the center portion due to the 
presence of more carbon atoms aligned in the suspended carbon nanowires. There is a similar 
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ratio between the suspended and the substrate-bound glassy carbon nanowire, such as 
electrical conductivity and surface area. In other words, the reason for improving the 
electrical conductivity is the decreasing oxygen atom and the increasing sp2 structure after 
the annealing process. In addition, the ordered carbon atoms are more electrically conductive 
than the substrate-bonded glassy carbon nanowires because they are more present in the 
surface portion than the center portion of the suspended glassy carbon nanowires. 
 
Figure 4.13 Breaking down voltages of various insulating materials such as Al2O3, HfO2, 
SiO2 deposited on a suspended single glassy carbon nanowire. 
The insulating properties of HfO2 deposited on suspended glassy carbon 
nanowires were characterized using measurements of the breakdown voltage. The insulating 
layer of the 20-nm-thick HfO2 layer fabricated by the ALD process serves as a separation 
between the sensing part and the heating part during the electrical connection. The 
breakdown voltage is determined by the performance of the internal heater of the heating 
system. In other words, despite the excellent properties of the glassy carbon structure, it has a 
low breakdown voltage and can not be used in a gas sensing platform. Our breakdown 
voltage of the gas detection platform was measured directly in the suspended hierarchical 
ZnO nanowires forests/HfO2/glassy carbon nanowires, as shown in Figure 4.13. I-V 
characteristic shows the breakdown voltage of the HfO2 layer between the suspended 
hierarchical ZnO nanowires forests structure and glassy carbon in the Figure 4.13. One peak 
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is a breakdown voltage and the other is a breakable glassy carbon nanowire. The breakdown 
voltage is approximately 11.82V. Other insulating materials such as SiO2 and Al2O3 were 
measured to compare the breakdown voltages of the HfO2 layers we selected. SiO2 material is 
known as an insulating material based on a MEMS process, and conducted by PECVD. Al2O3 
materials are also known as insulating materials and have gone through the ALD process to 
directly compare the insulation material of HfO2. The breakdown voltage of a 200-nm-thick 
SiO2 material is about 13.23 V, and the 20-nm-thick Al2O3 material is about 5.94 V. The 
breakdown voltage of the SiO2 material is high, but the insulating material on this gas sensing 
platform has high thermal conductivity. Generally, the insulating material is low thermal 
conductivity. A thin insulating layer is also important to apply an insulating layer to the gas 
sensing platform. The insulation properties for the thickness of the HfO2 material are the 
highest and are about 59.1 mV / nm. 
 
Figure 4.14 The electrical resistance of (a) a suspended glassy carbon, (b) hierarchical ZnO 
nanowires forests changed by the temperature of an external heater. The electrical resistance 
of hierarchical ZnO nanowires forests depending on the applied voltage of a suspended 
glassy carbon nanowire. (d) The predicted temperature of an internal heater by the applied 
voltage of a suspended glassy carbon structure. 
The electrical resistance of the layered ZnO nanowire is characterized by the 
temperature that predicts the performance of the heating structure of glassy carbon using an 
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external heater (see Figure 4. 14). By increasing the temperature using an external resistor, 
the electrical resistance has decreased exponentially. The electrical resistance was measured 
by the applied voltage on the suspended glassy carbon nanowires. At 9.0 V, the electrical 
resistance of the ZnO nanowire was about 874.18 kΩ, and an external heater was used to 
predict a temperature of about 200 ° C depending on the electrical resistance depending on 
the temperature. 
Joule heating of the suspended glassy carbon nanowire was calculated by 
numerical simulation (COMSOL Multiphysics) [168]. The suspended glassy carbon nanowire 
having a thickness of 120 μm and a diameter of 300 nm were placed on a SiO2/Si substrate 
(1-μm-thickness SiO2 deposited on the Si substrate thickness; 600-μm-thickness, area of 1.5 
mm x 1.5 mm). The temperature of the SiO2/Si substrate on the top and side walls was set as 
insulation and the bottom was fixed at room temperature (293.15 K). The suspended glassy 
carbon nanowires were 59,000 S/m at room temperature and the temperature dependence of 
electrical conductivity was modeled as follows: 
( ){ }0 0
1
1
σ σ
α
=
+ −T T     (5) 
where σ0 is the electrical conductivity at room temperature, α is the temperature 
coefficient of resistance, T is the temperature, and T0 is the room temperature (293.15 K). 
Other material properties have been cited in the research papers [169-171]. Electrical bias 
was applied across the circuit and heat was generated at the suspended glassy carbon 
nanowire based on a Joule heating model. The heat was dissipated primarily by conductive 
heat transfer to the column supporting the suspended glassy carbon nanowire and by 
convective heat transfer to the atmospheric environment on the suspended glassy carbon 
nanowire device. Figure 4.15 shows the simulation results of the suspended glassy carbon 
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nanowire’s joule heating by the numerical simulation. A maximum temperature of 523.15 K 
was observed at the center of the suspended glassy carbon nanowire when an electrical bias 
of 9 V was applied. The suspended type structure generated a lot of heat even when a small 
electrical bias is applied because the heat is hard to transfer convective at the air [172]. The 
suspended structure is an optimal structure in the power consumption part as the gas sensing 
platform based on the metal oxide nanowires. We compared the actual temperature with the 
simulated temperature based on the indirectly measured values of the electrical resistance of 
the ZnO nanowire grown on the suspended HfO2/glassy carbon nanowire depending on the 
temperature of the oven. The temperature difference was about 20 %, and the temperature 
increase curve was similar between the actual temperature and the simulated temperature. 
This difference arises from the measurement method and could be accurately predicted if 
only the temperature correction is correct. This gas sensing platform is about the 1.5 mW in 
the power consumption and this value is the ultra-low power consumption in the gas sensing 
society and is suitable for the gas sensor based on the internet of things (IoT) [173]. 
 
Figure 4.15 (a) Simulation results of the temperature profile based on the Joule heating 
model at the suspended nano-structure. Temperature changes of the suspended nanowire 
depending on the applied voltage. 
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Figure 4.16 (a) Resistance changes of ZnO nanowires forests grown on the HfO2/carbon 
nanowire with respect to (left) power consumption of the carbon nanowire heater and (right) 
temperature of the external heater. (b) Comparison of the temperature between the simulation 
results and experimental results at the suspended nano-structure. 
 
Figure 4.17 Gas sensing characteristics of the ultralow-power consumption gas sensor of 
suspended hierarchical ZnO nanowire forests/HfO2/carbon nanostructure for various gases 
such as CH4, C6H6, CO, NO2, H2 and SO2 and gas concentrations mixed in dried air at 1.5-
mW power heated at the suspended carbon nanostructure. 
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The gas sensing properties of the ultra-low power consumption gas sensing 
platform of the suspended hierarchical ZnO nanowires forests grown on the HfO2/glassy 
carbon nanowire were characterized by measuring the electrical resistance change in response 
to various gases and gas concentrations (NO2 : 50 ppb - 500 ppm, CO, C6H6, H2, SO2 : 500 
ppb – 500 ppm, CH4 : 100 – 1.5 %).  
As shown in Figure 4.17, the electrical resistance of the suspended hierarchical 
ZnO nanowires forests increases with the concentration of NO2 gas. The sensor showed high 
gas response even at very low concentration (7.36 for 50 ppb NO2). The gas response 
increases linearly to 50 ppm with a sensitivity of 79 ppb-1 and the gas response is lower than 
the suspended hierarchical ZnO nanowire without the external heater because the external 
heater is larger than the gas sensing platform, so the mass transfer of the target gas is more 
increased by the external heater. 
 
Figure 4.18 Gas responses at 50 ppb NO2 gas consisting of internal heater and external heater 
of a suspended and substrate-bound ZnO nanowire structure. 
However, the response & recovery time is decreased. Although the mass transfer 
of the target gas is decreased without external heater, the heat is generated from the core at 
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the ultra-low power consumption gas sensing platform and the gas closed to the core is more 
effective transferred to the environment.  
 
Figure 4.19 Response time and recovery time versus various NO2 gas concentration using 
internal and external heater (between suspended and substrate-bound structure) to compare 
gas sensing characteristics from 50 to 500 ppb. 
The ultra-low power consumption gas sensing platform is more suitable the gas 
sensing platform based on the metal oxide nanostructure than using external heater. Therefore, 
the ultra-low power consumption gas sensing platform is the best suspended structure effect 
in the mass transfer of the gases and power consumption. The ultra-low power consumption 
gas sensing platform based on the ZnO nanowires is the best gas response of the NO2 gas. 
However, the other gas response without CH4 is similar. To enhance the gas selectivity, the 
ultra-low power consumption gas sensing platform based on the ZnO, CuO nanostructurse is 
measured the gas response depending on the operating temperature of the internal heating of 
the suspended glassy carbon nanowire in accordance with the various gases such as and gas 
concentrations. Gas response was changed by the operating temperature and materials. We 
suggested the multiplex gas sensing platform based on the metal oxide nanostructure to 
enhance the gas selectivity because metal oxide gas sensor is high response but low gas 
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selectivity. Only ZnO, CuO nanostructures, it is possible to make the multiplex gas sensing 
platform using the selectively controlling the heater performance because the gas response is 
changed by the operating temperature. However, although the gas response is changed by the 
heating performance, the difference among the gases such as CO, SO2, H2, C6H6 is small. To 
overcome the gas selectivity based on the metal oxide gas sensing platform, we applied to the 
Principal component analysis (PCA). After that, it is possible to the enhanced gas selectivity. 
 
Figure 4.20 Gas sensing characteristics of the suspended hierarchical metal oxide nanowires 
such as ZnO and CuO grown on selectively HfO2/carbon nanowire at various gases and gas 
concentrations depending on the heater power consumption such as (a) 0.8 mW, (b) 1.4 mW, 
(c) 2.4 mW and (d) 3.1 mW. 
Gas sensing pattern recognition according to the gas concentrations of 6 gases in 
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the signal processing logic process, the preprocessing technique and the response 
characteristics analysis of single sensor and sensor array signals are required and pattern 
extraction is performed for each sensor signal. The 6 gas sensing arrays such as CH4, C6H6, 
CO, H2, NO2, SO2 were tested and the data set, which is the experimental results, was 
measured according to the gas concentrations. 
 
Gas response using relative parameter 
Data set [i, j] = Aij 
(i = Number of gas response according to the target gas, j = Number of gas sensor) 
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Table 5. Relative parameters (Rg/Ra) of 6 gas sensor array for the target gas response. 
Temperature 
 
Gas [ppm] 
ZnO nanowire CuO nanoflake 
150 200 250 300 150 200 250 300 
CO 
0.5 0.623 0.646 0.638 0.572 1.066 1.601 1.088 1.437 
1 0.457 0.434 0.480 0.417 1.159 2.413 1.201 2.183 
2 0.310 0.293 0.313 0.250 1.174 3.135 1.474 3.165 
5 0.144 0.137 0.152 0.124 1.259 5.311 1.759 4.038 
7 0.110 0.102 0.113 0.083 1.844 6.774 2.184 5.374 
10 0.074 0.069 0.084 0.062 2.599 7.796 2.599 7.282 
20 0.041 0.038 0.044 0.032 3.324 9.694 4.332 10.028 
50 0.016 0.017 0.018 0.013 4.384 10.337 9.438 11.339 
70 0.012 0.014 0.012 0.010 6.166 12.600 11.166 15.865 
100 0.009 0.011 0.009 0.007 8.592 14.782 18.592 200.581
H2 
0.5 0.848 0.703 0.645 0.657 1.067 1.171 1.079 1.011 
1 0.763 0.525 0.497 0.514 1.420 1.318 1.166 1.138 
2 0.603 0.354 0.344 0.346 1.727 1.789 1.540 1.462 
5 0.385 0.183 0.165 0.166 2.604 2.320 2.001 1.705 
7 0.257 0.131 0.130 0.126 3.757 3.209 2.354 2.165 
10 0.246 0.097 0.089 0.080 4.365 3.677 3.185 3.594 
20 0.120 0.053 0.050 0.059 5.492 6.139 4.609 5.062 
50 0.062 0.022 0.019 0.022 6.555 13.592 8.123 10.570 
70 0.047 0.019 0.015 0.016 8.398 14.818 10.727 11.723 
100 0.037 0.018 0.011 0.013 10.843 21.738 12.612 15.639 
SO2 
0.5 0.898 0.640 0.620 0.585 1.002 1.051 1.032 1.021 
1 0.819 0.485 0.471 0.401 1.002 1.110 1.081 10.062 
2 0.712 0.331 0.308 0.282 1.006 1.239 1.169 1.124 
5 0.478 0.166 0.139 0.128 1.010 1.595 1.982 1.387 
7 0.415 0.114 0.110 0.099 1.123 1.790 2.703 1.475 
10 0.336 0.089 0.088 0.072 1.529 2.281 3.046 1.721 
20 0.194 0.042 0.042 0.032 2.048 3.371 3.892 2.311 
50 0.084 0.022 0.017 0.014 3.046 5.041 6.232 4.056 
70 0.070 0.020 0.012 0.011 5.044 8.972 8.710 6.119 
100 0.048 0.015 0.010 0.008 8.039 10.559 12.872 7.879 
NO2 
0.5 31.927 71.65 28.34 33.32 0.999 0.952 0.972 0.981 
1 61.311 143.04 51.468 61.46 0.999 0.902 0.927 0.942 
2 126.118 297.60 90.360 110.33 0.955 0.807 0.856 0.893 
5 280.310 715.92 254.40 320.35 0.942 0.628 0.676 0.723 
7 393.978 890.15 356.76 440.41 0.918 0.559 0.589 0.678 
10 419.540 1362.71 447.80 620.31 0.873 0.439 0.489 0.584 
20 424.793 1399.35 692.60 724.51 0.855 0.298 0.347 0.436 
50 433.910 1380.95 674.40 746.37 0.757 0.167 0.193 0.249 
CH4 
 
100 0.998 0.982 0.977 0.961 1.010 1.029 1.021 1.020 
500 0.997 0.978 0.905 0.921 1.008 1.107 1.024 1.074 
1000 0.998 0.951 0.812 0.853 1.007 1.180 1.039 1.153 
5000 0.995 0.935 0.675 0.662 1.015 1.219 1.091 1.387 
10000 0.999 0.901 0.595 0.565 1.020 1.286 1.107 1.465 
C6H6 
0.5 0.953 0.665 0.609 0.467 1.074 1.109 1.579 1.470 
1 0.916 0.512 0.402 0.239 1.074 1.195 1.816 1.567 
2 0.840 0.342 0.248 0.141 1.082 1.225 2.233 1.627 
5 0.718 0.183 0.165 0.094 1.154 1.691 3.725 2.181 
7 0.625 0.131 0.114 0.055 1.323 2.905 5.111 3.261 
10 0.410 0.074 0.055 0.041 1.781 3.851 6.070 4.148 
20 0.300 0.047 0.034 0.031 2.012 5.671 7.543 5.779 
50 0.188 0.022 0.018 0.018 2.489 10.361 10.583 10.644 
70 0.167 0.017 0.015 0.014 3.078 12.251 15.254 12.356 
100 0.112 0.017 0.015 0.014 4.163 15.301 16.500 15.487 
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Each gas sensor responses to the gas concentration of the test gases. Gas 
response of the ultra-low power consumption gas sensor array for the experimental results is 
shown in the form of Rg/Ra, as shown in the Table 4. Where Rg is the resistance to the test gas 
and Ra is the resistance of the sensor in dry air. Gas response of the gas sensor array is 
important for analyzing the output signals of metal-oxide gas sensors because it could display 
the linearity of sensors according to the gas concentrations. However, in order to clearly 
indicate the relative gas sensitivity and selectivity of the gas sensors with respect to the target 
gas and to extract the pattern form of the sensors for the sensing gas for gas recognition, it is 
necessary to preliminarily process individual sensor signals and pre-processing is needed. 
Gas response of each gas sensor arrays with respect to the target gas would be 
expressed using the equation using the logarithm of the gas response among the method for 
indicating the gas sensitivity of each gas sensor with respect to the target gas. 
ln= gij
a
R
S
R             (5) 
where Sij is relative sensitivity, i is number of gas response to the target gas and j 
is number of the gas sensor. Each gas response (relative sensitivity) for the tested gas shown 
in Table 5 above would be expressed as relative sensitivity to the tested gases using the 
equation (5), as shown in Table 5. Table 5 shows the relative sensitivity of each sensor in the 
gas sensor array depending on the gas concentrations of various gases. 
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Table 6. Relative sensitivities (Sij) of gas sensor array to the tested gases. 
Temperature 
 
Gas [ppm] 
ZnO nanowire CuO nanoflake 
150 200 250 300 150 200 250 300 
CO 
0.5 0.474 0.436 0.449 0.559 0.063 0.470 0.084 0.362 
1 0.783 0.834 0.734 0.874 0.147 0.881 0.183 0.781 
2 1.170 1.228 1.162 1.387 0.161 1.143 0.388 1.152 
5 1.940 1.987 1.881 2.090 0.230 1.670 0.565 1.396 
7 2.206 2.285 2.177 2.486 0.612 1.913 0.781 1.682 
10 2.603 2.670 2.479 2.783 0.955 2.054 0.955 1.985 
20 3.188 3.266 3.120 3.434 1.201 2.271 1.466 2.305 
50 4.112 4.078 4.036 4.331 1.478 2.336 2.245 2.428 
70 4.456 4.261 4.398 4.640 1.819 2.534 2.413 2.764 
100 4.755 4.485 4.737 5.023 2.151 2.693 2.923 5.301 
H2 
0.5 0.165 0.353 0.439 0.420 0.064 0.158 0.076 0.011 
1 0.270 0.645 0.699 0.665 0.351 0.276 0.153 0.130 
2 0.507 1.040 1.066 1.061 0.546 0.582 0.432 0.380 
5 0.955 1.700 1.800 1.796 0.957 0.842 0.694 0.533 
7 1.360 2.035 2.043 2.069 1.324 1.166 0.856 0.773 
10 1.401 2.338 2.417 2.527 1.474 1.302 1.158 1.279 
20 2.118 2.929 2.998 2.829 1.703 1.815 1.528 1.622 
50 2.786 3.805 3.957 3.835 1.880 2.609 2.095 2.358 
70 3.063 3.948 4.222 4.115 2.128 2.696 2.373 2.462 
100 3.294 4.028 4.480 4.324 2.383 3.079 2.535 2.750 
SO2 
0.5 0.108 0.447 0.478 0.537 0.001 0.050 0.031 0.021 
1 0.200 0.723 0.754 0.913 0.002 0.104 0.078 2.309 
2 0.340 1.107 1.178 1.265 0.006 0.214 0.156 0.117 
5 0.738 1.797 1.974 2.057 0.009 0.467 0.684 0.327 
7 0.880 2.169 2.208 2.316 0.116 0.582 0.994 0.389 
10 1.089 2.424 2.431 2.633 0.425 0.825 1.114 0.543 
20 1.639 3.164 3.174 3.448 0.717 1.215 1.359 0.838 
50 2.478 3.832 4.099 4.234 1.114 1.618 1.830 1.400 
70 2.653 3.932 4.415 4.528 1.618 2.194 2.164 1.811 
100 3.031 4.168 4.610 4.782 2.084 2.357 2.555 2.064 
NO2 
0.5 3.463 4.272 3.344 3.506 0.001 0.049 0.029 0.019 
1 4.116 4.963 3.941 4.118 0.001 0.103 0.075 0.060 
2 4.837 5.696 4.504 4.703 0.046 0.214 0.156 0.113 
5 5.636 6.574 5.539 5.769 0.060 0.465 0.392 0.324 
7 5.976 6.791 5.877 6.088 0.085 0.581 0.529 0.389 
10 6.039 7.217 6.104 6.430 0.136 0.822 0.716 0.538 
20 6.052 7.244 6.540 6.585 0.157 1.211 1.057 0.829 
50 6.073 7.231 6.514 6.615 0.279 1.790 1.646 1.390 
CH4 
 
100 0.002 0.018 0.024 0.040 0.010 0.029 0.020 0.019 
500 0.003 0.022 0.100 0.083 0.008 0.102 0.024 0.071 
1000 0.002 0.050 0.208 0.160 0.007 0.166 0.039 0.142 
5000 0.005 0.068 0.393 0.412 0.015 0.198 0.087 0.327 
10000 0.001 0.104 0.519 0.571 0.019 0.251 0.102 0.382 
C6H6 
0.5 0.048 0.407 0.496 0.762 0.071 0.103 0.457 0.386 
1 0.087 0.669 0.912 1.429 0.072 0.178 0.597 0.449 
2 0.174 1.073 1.396 1.961 0.079 0.203 0.803 0.487 
5 0.331 1.697 1.802 2.368 0.143 0.525 1.315 0.780 
7 0.470 2.031 2.168 2.909 0.280 1.066 1.631 1.182 
10 0.891 2.604 2.898 3.199 0.577 1.348 1.803 1.423 
20 1.203 3.063 3.374 3.479 0.699 1.735 2.021 1.754 
50 1.673 3.815 4.031 4.034 0.912 2.338 2.359 2.365 
70 1.790 4.093 4.176 4.265 1.124 2.506 2.725 2.514 
100 2.188 4.094 4.182 4.263 1.426 2.728 2.803 2.740 
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Gas response of the individual gas sensors has shown that they response well the 
tested gases. However, the gas sensitivity in the use of real gas sensors varies linearly with 
the gas concentrations and it is difficult to distinguish the signals of the gas sensor according 
to the distribution of experimental results owing to different range of gas sensing signals. 
This makes it difficult to extract a pattern showing the nature of the tested gas for the gas 
sensors, and does not have sufficient gas selectivity when applying n algorithm that 
recognizes the target gas. In order to solve these problems and enhance the gas selectivity, it 
is necessary to (1) limit the range of the gas response to individual gas sensors, (2) to remove 
noise from the individual gas sensors, and (3) the following normalization algorithm is used 
for pattern extraction (concentration independent).  
'
1=
=

ij
ij n
n
i
S
S
S
            (5) 
where Sij is % normalization response, i is number of gas response to the target 
gas and j is number of the gas sensor. The gas sensitivity of the sensor are calculated from the 
normalized pattern data for the target gases, as shown in Table 6 through the above 
normalization algorithm. 
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Table 7. Normalized pattern data by preprocessing of gas sensor array signals. 
Temperature 
 
Gas [ppm] 
ZnO nanowire CuO nanoflake 
150 200 250 300 150 200 250 300 
CO 
0.5 0.163 0.151 0.155 0.193 0.022 0.162 0.029 0.125 
1 0.150 0.160 0.141 0.168 0.028 0.169 0.035 0.150 
2 0.150 0.158 0.149 0.178 0.021 0.147 0.050 0.148 
5 0.165 0.169 0.160 0.178 0.020 0.142 0.048 0.119 
7 0.156 0.162 0.154 0.176 0.043 0.135 0.055 0.119 
10 0.158 0.162 0.150 0.169 0.058 0.125 0.058 0.120 
20 0.157 0.161 0.154 0.170 0.059 0.112 0.072 0.114 
50 0.164 0.163 0.161 0.173 0.059 0.093 0.090 0.097 
70 0.163 0.156 0.161 0.170 0.067 0.093 0.088 0.101 
100 0.148 0.140 0.148 0.157 0.067 0.084 0.091 0.165 
H2 
0.5 0.098 0.209 0.260 0.249 0.038 0.094 0.045 0.006 
1 0.085 0.202 0.219 0.209 0.110 0.087 0.048 0.041 
2 0.090 0.185 0.190 0.189 0.097 0.104 0.077 0.068 
5 0.103 0.183 0.194 0.194 0.103 0.091 0.075 0.058 
7 0.117 0.175 0.176 0.178 0.114 0.100 0.074 0.066 
10 0.101 0.168 0.174 0.182 0.106 0.094 0.083 0.092 
20 0.121 0.167 0.171 0.161 0.097 0.103 0.087 0.092 
50 0.119 0.163 0.170 0.164 0.081 0.112 0.090 0.101 
70 0.122 0.158 0.169 0.165 0.085 0.108 0.095 0.098 
100 0.123 0.150 0.167 0.161 0.089 0.115 0.094 0.102 
SO2 
0.5 0.064 0.267 0.286 0.321 0.001 0.030 0.019 0.012 
1 0.039 0.142 0.148 0.180 0.000 0.021 0.015 0.454 
2 0.078 0.253 0.269 0.289 0.001 0.049 0.036 0.027 
5 0.092 0.223 0.245 0.255 0.001 0.058 0.085 0.041 
7 0.091 0.225 0.229 0.240 0.012 0.060 0.103 0.040 
10 0.095 0.211 0.212 0.229 0.037 0.072 0.097 0.047 
20 0.105 0.203 0.204 0.222 0.046 0.078 0.087 0.054 
50 0.120 0.186 0.199 0.205 0.054 0.079 0.089 0.068 
70 0.114 0.169 0.189 0.194 0.069 0.094 0.093 0.078 
100 0.118 0.162 0.180 0.186 0.081 0.092 0.100 0.080 
NO2 
0.5 0.236 0.291 0.228 0.239 0.000 0.003 0.002 0.001 
1 0.237 0.286 0.227 0.237 0.000 0.006 0.004 0.003 
2 0.239 0.281 0.222 0.232 0.002 0.011 0.008 0.006 
5 0.228 0.265 0.224 0.233 0.002 0.019 0.016 0.013 
7 0.227 0.258 0.223 0.231 0.003 0.022 0.020 0.015 
10 0.216 0.258 0.218 0.230 0.005 0.029 0.026 0.019 
20 0.204 0.244 0.220 0.222 0.005 0.041 0.036 0.028 
50 0.193 0.229 0.207 0.210 0.009 0.057 0.052 0.044 
CH4 
 
100 0.012 0.110 0.146 0.248 0.061 0.177 0.126 0.120 
500 0.007 0.053 0.242 0.200 0.019 0.247 0.058 0.173 
1000 0.003 0.064 0.269 0.207 0.009 0.215 0.050 0.184 
5000 0.003 0.045 0.261 0.274 0.010 0.132 0.058 0.217 
10000 0.001 0.054 0.266 0.293 0.010 0.129 0.052 0.196 
C6H6 
0.5 0.018 0.149 0.182 0.279 0.026 0.038 0.167 0.141 
1 0.020 0.152 0.208 0.325 0.016 0.041 0.136 0.102 
2 0.028 0.174 0.226 0.318 0.013 0.033 0.130 0.079 
5 0.037 0.189 0.201 0.264 0.016 0.059 0.147 0.087 
7 0.040 0.173 0.185 0.248 0.024 0.091 0.139 0.101 
10 0.060 0.177 0.197 0.217 0.039 0.091 0.122 0.096 
20 0.069 0.177 0.195 0.201 0.040 0.100 0.117 0.101 
50 0.078 0.177 0.187 0.187 0.042 0.109 0.110 0.110 
70 0.077 0.176 0.180 0.184 0.048 0.108 0.117 0.108 
100 0.090 0.168 0.171 0.175 0.058 0.112 0.115 0.112 
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To analyze gas mixture data using pattern recognition algorithm, gas sensor 
signal patterns for mixed gas were extracted and principal PCA was applied. PCA is one of 
the multivariate data processing method that reduce dimension to low dimension while 
maintaining information at high dimension for experimental results consisting of 
multidimensional feature vectors. The feature data is expressed based on a reference axis 
existing as many as the number of dimensions of the feature vector. Two-dimensional data are 
expressed based on two reference axes. As a result, reducing the dimension could be thought 
of as reducing the number of reference axis. To reduce 10-dimensional data to 4 dimensions, 
it means to reduce the reference axis from 10 to 4. Therefore, the principal axis corresponding 
to the principal component of the multivariate data could be obtained by statistical methods, 
and the dimension could be reduced by projecting the feature vector x in the direction of the 
obtained main axis. 
PCA refers to relocating the feature vector by transforming the reference axis 
into a set of uncorrelated variables from the perspective of reducing the variance of the 
correlated variables. The method and sequence of pattern recognition algorithm applying 
PCA applied to this paper are summarized in Table 7. 
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Table 8. Pattern recognition algorithms with the PCA process. 
No Vale Equation Purpose 
1 Normalizing data 
௜ܵ௝ = ݈݊ ฬ
ܴ௚
ܴ௔ฬ 
௜ܵ௝ᇱ = ௜ܵ௝∑ ܵ௡௡௜ୀଵ × 100
ሾ%ሿ 
Data acquisition and 
pre-processing 
↓ 
2 Average vector [μ] ߤ = 1ܰ෍ݔ௡
ே
௡ିଵ
 
The average vector 
calculation of the 
obtained data 
↓ 
3 Covariance Matrix [Σ] Σ = ෍ሺݔ௡ − ߤሻሺݔ௡ − ߤሻ்
ே
௡ୀଵ
 Covariance matrix calculation 
↓ 
4 Eigenvalue and Eigen vector [λ], [u] Σ = ܷΛܷ
் Eigen vector calculation 
↓ 
5 Feature Vector [u] Selecting the 2 values of eigen vector Feature vector configuration 
↓ 
6 Final Data {Final Data} = {Row Feature Vector} * {Row Data Adjust} Final data calculation
↓ 
7 Principal value plot 
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As shown in Figure 4.20, PCA plots in this system are well discriminated against 
the six gases in the system. Therefore, through the gas sensor array, 6 kinds of gas could be 
separated through the PCA and the disadvantage of metal oxide gas sensor can be overcome. 
 
Figure 4.21 Discrimination of six gases by the ultralow-power consumption gas sensor at 
four temperatures using static response. 
Environmental humidity is an important factor affecting the performance of 
metal oxide gas sensors by the development of many humidity gas sensors based on metal 
oxides. Details of the adsorption of water on the surface of metal oxide nanostructures and 
the mechanism of sensing water vapor could be seen in [174-175]. Water adsorbing on the 
metal oxide does not donate electrons to the sensing layers. The reaction between surface 
oxygen and water molecules reduces the baseline resistance of the gas sensor, and results in a 
decrease of the gas response. Moisture adsorption significantly reduces the gas response of 
the metal oxide gas sensing platforms, as shown in Figure 4.22. Futhermore, prolonged 
exposure to a humid environment will gradually form chemically adsorbed OH- on the 
surface of the metal oxide nanostructures, causing a gradual deterioration of the gas response 
of the gas sensor [175]. However, the surface hydroxyl groups could be removed by starting 
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desorption at about 400 oC and heating the hydroxyl ion to a temperature of 400 oC or higher. 
The ultra-low power consumption gas sensing platform based on the ZnO nanowire measured 
the gas response in the 1-ppm-NO2 depending on the humidity. Gas response is decreased at 
50.3 % in the 85 %-RH better than the 35 %-RH. To remove the OH- on the surface of the 
metal oxide nanostructure, the suspended glassy carbon nano-heater was applied to the 
electrical voltage at about 12 V for 2 minutes, and then the gas response of the ultra-low 
power consumption gas sensing platform was measured again, and the initial state was 
returned. 
 
Figure 4.22 Influence of humidity response to nitrogen dioxide. Real time difference of gas 
response depending on humidity and overcoming gas response through heating. 
The long-term stability of the ultra-low power consumption gas sensing platform 
was also investigated by measuring gas response at 500 ppb NO2 for 7 days test period as 
shown in Figure 4.22. The base resistances (the resistance before the gas injection) and the 
resistance changes at 500 ppb NO2 of a suspended sensor did not change significantly for 1-
month test period. In the long-term stability test, the sensor was stored in the air without 
humidity control. The suspended nanowire type sensor exhibited good stability. During the 
stability test, the sensor was stored in the air without humidity control. This confirms the 
99 
 
practical applicability of the presented sensor. 
 
Figure 4.23 Long-term stability of the ultralow-power-consumption gas sensor based on 
suspended 1D metal oxide nanostructure: the gas response and recovery behaviors for 500 
ppb NO2 were tested for a period of 7 days. 
 
 
  
 Conclusions 
  
  
Finally, conclusion of this thesis will be 
recapitulated in this chapter 
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5 Conclusions 
In this thesis, a new metal oxide nanowire based gas sensor having ultralow 
power consumption at a suspended carbon nanowire structure was developed. This sensing 
platform was fabricated using only wafer level batch manufacturing processes such as 
carbon-MEMS, atomic layer deposition, and hydrothermal growth processes. Carbon-MEMS 
process consists of UV-lithography and the pyrolysis. The pyrolysis process involves 
significant volume reduction and converts the photoresist micro-structure to a glassy carbon 
nano-structure. Glassy carbon has many advantages such as high thermal and chemical 
stability, low density and good hardness, thermal & electrical conductivity. However, to 
complement or replace other carbon allotropes such as graphite, CNT, and graphenes, the 
electrical conductivity of glassy carbon must be improved. A simple RTA process has been 
developed that could greatly improve the electrical conductivity of 1D glassy carbon nano-
structures produced using carbon-MEMS. To separate the suspended glassy carbon nano-
heater and the suspended hierarchical metal oxide nano-structures forests, the insulating layer 
of the HfO2 material is uniformly deposited using an ALD process on the suspended glassy 
carbon nano-heater. The suspended hierarchical metal oxide nanostructured forests were 
grown circumferentially on the suspended HfO2/glassy carbon nanowire using a 
hydrothermal method consisting of seed deposition and growth processes. In the case of the 
selective metal oxide seed layer deposition process, a short time exposed polymer patterning 
process was performed using a positive photoresist. After the polymer patterning process, a 
metal oxide seed layer is deposited using an rf-sputtering system and then a metal oxide 
nanostructure growth process is performed. The distinguishing architecture of a suspended 
hierarchical metal oxide nanostructures forests/HfO2/glassy carbon nanostructure ensures 
efficient mass transport to the metal oxide nanostructure detection points in the gas analyte, 
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enabling highly sensitive gas detection. In the absence of an external heating system, the 
ultralow-power-consumption gas sensing platform of a suspended hierarchical 1D metal 
oxide nanostructures forests/HfO2/glassy carbon nanostructure has excellent the gas sensing 
characteristics. 
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